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The r e s e a r c h  i n  t h i s  t h e s i s  i s  o r i g i n a l  and i s  my own w i t h  t h e  
f o l l o w i n g  e x c e p t i o n s .  The e x p e r i m e n t s  wh ose  r e s u l t s  a r e  d e p i c t e d  i n  
C h a p t e r  1 f i g u r e s  2 a n d  A w e re  s u g g e s t e d  by S .B .  L a u g h l i n ,  who a l s o  
w r o t e  d r a f t  s e c t i o n s  o f  t h e  C h a p t e r .  A l s o ,  t h e  r e c o v e r y  o f  e l e c t r o d e  
t r a c t s  i n  t h e  e x p e r i m e n t s  on c a t s  i n  C h a p t e r  2 was done by M. E. 
M c C o u r t , and B. B l a k e s l e e  p e r f o r m e d  i n t i a l  t h e  c h a r a c t e r i s a t i o n  of  
c o r t i c a l  r e c e p t i v e  f i e l d s  u s i n g  h a n d  h e l d  s t i m u l i  a s  d e s c r i b e d  i n  t h e  
Methods  s e c t i o n  of  t h a t  c h a p t e r ,  a l t h o u g h  n e i t h e r  o f  t h e s e  s e t s  of  
r e s u l t s  i s  r e p o r t e d  on d i r e c t l y .  O t h e r  t h a n  t h e s e  e x c e p t i o n s  a l l  
e x p e r i m e n t s  w e re  p l a n n e d  and e x e c u t e d  by m y s e l f ,  and  a l l  c o m p u t e r  
p r o g r a m s  f o r  s t i m u l u s  g e n e r a t i o n ,  d a t a  c o l l e c t i o n  an d  a n a l y s i s  were
w r i t t e n  by m y s e l f .
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-Summary-
Th is  t h e s i s  d e s c r ib e s  e f f e c t s  which a l t e r  the  r e s p o n s e s  of 
m o t i o n - s e n s i t i v e  neurons  i n  the  b r a in s  of f l i e s ,  b u t t e r f l i e s  and c a t s .  
The f i r s t  h i n t  of t h e se  changes came w i th  r e c o r d i n g s  from the l o b u l a  
p l a t e  r e g i o n  of the o p t i c  lobe of  the  b u t t e r f l y  P a p i l i o  (Chapter  3 ) .  
As expec ted  from work on t h e  lo b u l a  p l a t e  of  f l i e s  ( f o r  a rev iew see 
Hausen 1981) the  homologous b r a i n  r e g i o n  of P a p i l i o  c o n t a i n s  c e l l s  
g iv in g  d i r e c t i o n a l l y  s e l e c t i v e  r e s p o n s e s  t o  mot ion  over a wide p a r t  of 
the  v i s u a l  f i e l d .  At s u p r a t h r e s h o l d  s t im u lu s  l e v e l s  the  c e l l s  show a 
d ram a t ic  d e c l i n e  in  r e s p o n s e  to  c o n t in u o u s ly  p r e s e n te d  s t i m u l i ,  t h i s  
proves to  be a l o s s  of s e n s i t i v i t y  r a t h e r  than  a l o s s  of s p ik in g  
a b i l i t y .  The c e l l s '  tempora l  r e s o l u t i o n  of b r i e f l y  d i s p l a c e d  p a t t e r n s  
can g r e a t l y  exceed t h a t  r e p o r t e d  under s i m i l a r  s t im u lu s  c o n d i t i o n s  f o r  
t h e  l o b u l a  p l a t e  c e l l  of th e  f l y ,  H1 ( S r i n i v a s a n  1983),  bu t  l i k e  H1 
(Zaagman e t  a l . 1983),  the  b u t t e r f l y  c e l l s '  temporal  r e s o l u t i o n  
i n c r e a s e s  w i th  a d a p t a t i o n  t o  moving s t i m u l i .  U nlike  t h e  f l y  H1 neuron 
(Dvorak e t  a l . 1980) the  b u t t e r f l y  c e l l s  show a s t e e p  r o l l - o f f  in  
c o n t r a s t  s e n s i t i v i t y  t o  low s p a t i a l  f r e q u e n c i e s ,  even a t  h igh  temporal  
f r e q u e n c i e s .
The a d a p t a t i o n  p rocess  of the H1 neuron  of the  sheep b low f ly  
L u c i l i a  c u p r in a  was s t u d i e d  in  more d e t a i l  (Chapter  1 ) ,  and i t  was 
shown t h a t  a d a p t a t i o n  meant t h a t  H1 coded changes in  v e l o c i t y  as 
changes r e l a t i v e  t o  the  c u r r e n t  mean, and so  could be s a i d  t o  be 
s e n s i t i v e  t o  " v e l o c i t y  c o n t r a s t " .  This  a d a p t a t i o n  a c t s  in d e p e n d e n t ly  
w i th in  smal l  eye r e g i o n s ,  and the  r a t e  of  a d a p t a t i o n  i s  r e l a t e d  t o  the  
temporal  f requency  of moving s t i m u l i ,  sometimes r e f e r r e d  to  as 
c o n t r a s t  f r eq u en cy .  Pure ly  f l i c k e r i n g  s t i m u l i  adapt  H1 much l e s s
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e f f e c t i v e l y .  Taken t o g e t h e r  t h i s  ev id e n c e  s u g g e s t s  t h a t  the  
a d a p t a t i o n  occurs  i n  smal l  f i e l d  u n i t s  p r e s y n a p t i c  t o  H1 bu t  l y i n g  a t  
or a f t e r  motion computa t ion .
S ince  some c e l l s  in  the  s t r i a t e  c o r t e x  of c a t s  s h a r e  many 
p r o p e r t i e s  in  common wi th  H1, and because  t h e y  have been shown t o  
adapt  ( e . g .  Ohzawa e t  a l . 1982) i t  was dec ided  t o  i n v e s t i g a t e  which
param ete rs  governed a d a p t a t i o n  i n  t h e s e  c e l l s  (Chapter  2) .  As i n  H1 
a d a p t a t i o n  r a t e s  a r e  not  de termined  by s t i m u l u s  c o n t r a s t ,  s t im u lu s  
v e l o c i t y ,  or  s p a t i a l  f r e q u e n c y ,  but  i n s t e a d  c o n t r a s t  f requency  appea rs  
t o  c o n t r o l  a d a p t a t i o n ,  i n  agreement w ith  p sychophys ica l  d a t a  ( P a n t l e  
197*0 .
The f i n a l  two c h a p t e r s  (4 & 5) d e a l  w i th  an a f t e r i m a g e - l i k e  
e f f e c t  observed  i n  t h e  H1 neuron.  The e f f e c t  c o n s i s t s  of a
s e n s i t i v i t y  mask s e t  up by s t a t i o n a r y ,  or  s lo w ly  moving s t i m u l i  of low 
c o n t r a s t .  The mask b u i l d s  up q u ic k ly  and i t  a f f e c t s  dark and b r i g h t  
moving s t i m u l i  d i f f e r e n t l y .  Moreover, the  a c t u a l  a f t e r im a g e  i s  q u i t e  
d i f f e r e n t  f o r  dark and b r i g h t  s t i m u l i .  The e f f e c t  i s  not  r e l a t e d  to  
p h o to re c e p to r  a d a p t a t i o n  and appea rs  to  o r i g i n a t e  i n  a r e t i n o t o p i c  
a r r a y  of c e l l s  r e spond ing  t o n i c a l l y  to  c o n t r a s t ,  and which l a t e r a l l y  
i n h i b i t  each o t h e r .
O v e r a l l ,  th e  a d a p t a t i o n  e f f e c t s  d e s c r i b e d  h e re  change our view of 
th e  H1 neuron in  p a r t i c u l a r .  Ra ther  th a n  be ing  a r i g i d  c o ndu i t  
s i g n a l i n g  a p a r t i c u l a r  component of the  f low f i e l d ,  the  c e l l  must now 
be viewed as having i t s  c h a r a c t e r  r a d i c a l l y  a l t e r e d  by a t  l e a s t  two 
types  of a d a p t a t i o n  whose s t r e n g t h  depends on s t im u lu s  c o n d i t i o n s  i n  
l o c a l  eye r e g i o n s .  The f i n d i n g  of powerful  a f t e r im a g e s  in  a motion
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pathway,  and t h e i r  e f f e c t s  a t  modera te  temporal  f r e q u e n c i e s  s u g g e s t s  
an im p o r tan t  r o l e  f o r  them in  s p a t i o - t e m p o r a l  v i s i o n .  That  c o n t r a s t  
f requency  seems t o  r e g u l a t e  gain c o n t r o l  in  m o t i o n - s e n s i t i v e  c e l l s  in  
the t h r e e  an imals  s t u d i e d ,  s u g g e s t s  a convergence of  des ign  i n  the  
e a r l y  p r o c e s s in g  of th e  v i s u a l  i n fo rm a t io n  c o n ta in ed  in  moving s c e n e s .
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With the exception of a few cortical cells in cats, all of the 
cells studied in this thesis gave directional responses to moving 
stimuli, but poor responses to flicker. Gibson (1950) recognised that 
motion-sensitivity was as valid a sense as "colour or smell", and that 
neurons sensitive to motion in localised parts of the retina would be 
required to code the invarient properties of the optic ’flow field’ 
created by ego motion( see Koenderink and van Doom 1975, Horn and 
Schunck 1981 on these invarient features of the optical flow field). 
Aside from extracting features of the flow field sensitivity to motion 
provides an animal with the potential to define object boundaries 
relative to a background (Nakayama and Loomis 1974), to judge relative 
depth (Prazdny 1980), or to estimate time to contact (Lee 1980, Wagner 
1982).
The notion that we are designed to view a moving world is 
underscored by the fact that under enforced retinal stabilization the 
world simply disappears (Riggs et al. 1953). More recent 
psychophysical evidence supports this view, particularly because 
visual tasks as demanding as vernier acuity are not degraded at even 
quite respectable angular velocities (Westheimer and Mckee 1975). The 
disappearance of stabilized images suggests that the visual system 
only responds to that which is novel, because that which is not novel 
can be predicted with reasonable accuracy and so is redundant (Barlow 
1961). The last statement hints at the special physical constraints 
of visual systems, and also the constraints on any nervous system. 
These limitations, which demand design solutions, will be addressed 




tell us about motion sensitive neurons in flies, butterflies and cats. 
First some discussion of motion-sensitivity is in order.
Motion-Sensitivity
Motion-sensitivity requires keeping track of the position or the 
phase of the Fourier components of moving objects and finding a way to 
change motion signal, derived from flicker, into a nonvarying quantity 
indicative of velocity. In the succinct words of Marmarelis and 
McCann (1973) the "...phase-difference detection could be described by 
a single multiplication (alternatively, as a rectification process).": 
multiplication obviously being a first approximation to rectification. 
To see where the requisite nonlinear operation fits in let us consider 
the typical directional motion detector described in the literature 
(figure 1). Two sampling stations, (a) and (b) separated by an angle 
X, view a moving stimulus and the output of one of the units is 
connected to the other’s output through a delay (figure 1, box). An 
object moving with constant angular velocity V° per second (left to 
right motion being taken as positive) will traverse the gap from (a) 
to (b) in X/V s so that with an "appropriate delay" (X/V s), and an 
"appropriate method of comparison" at the juncture point (j) the 
system will recognise that the same signal has arrived and so imply 
left-to-right motion. The method of comparison of course can involve 
the nonlinear operation mentioned above. Hassenstien and Reichardt 
(1956) first recognised this point and proposed the use of a 
multiplying junction followed by a time averaging operation to yield a 
unit performing an autocorrelation (see also Reichardt 1961). Even 
armed with a reasonable comparison device at (j) our "elementary 
motion detector" (EMD) is still left with the problem of how to
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achieve the "appropriate delay".
Ideally, the delay should vary to match every velocity of 
interest, or thinking in terms of the Fourier components of more 
realistic scenes, the system should provide the same phase lag for 
every modulation rate set up at (a) and (b). To accomplish this, over 
a reasonable range of temporal frequencies, Hassenstien and Reichardt 
introduced a low pass filter into each leg of the EMD, the filter for 
(a) having a much longer time constant(10 to 30 times), yielding a 
near constant phase asymmetry between the EMD legs. Following 
Buchner's (1976) argument, for a single sinewave grating stimulus, 
moving in the EMD's preferred direction and employing a multiplicative 
interaction, a directionally selective component of the response R(t) 
is generated which is related to the optical parameters as follows.
R(t) oc cos ( Z - 2ttX ) (1)
X
Where Z is the phase difference between the EMD legs, and X is 
the wavelength of the grating. If Z is equal to tt/2 for all 
frequencies the response is directional, and X/X is the fractional 
phase of the Fourier component of interest. It is important to stress 
that this directional component is no longer time varying, and that 
this property is arrived at as a result of multiplication and time 
averaging. Notice also that the predicted passband for excitatory 
signals is a sine function of spatial frequency (1/X) with a slope 1 
at 0 cycles per degree and a maximum response at X=4X. To see how 
angular velocity comes into play notice that X, V, X, the traverse 
time T=V/X, and the temporal frequency of the grating f are related in
a simple way
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and therefore we can rewrite (1) as
R(t) « cos( Z - 2ttVT ) 
X
(3)
Now the directionality is easier to understand because when Z=tt/2 
the sign of the response depends on the sign of V. To see what would 
occur if we used a constant transport delay (D) rather than a 
frequency independent phase asymmetry we find that Z is replaced by 
2 t t ( fD) and to make things look symmetric we replace VT/X by fT, using 
(2), so that (3) becomes
In (JO the system is only fully directional when Df=1/4. If D is 
held constant, and the temporal frequency of the grating is increased, 
the directional selectivity is alturnatively lost and regained and 
directionality, when obtained, reverses sign every second octave. A 
similar argument is put forward by Buchner (1984).
The attraction of the correlation schemes seems largely to be one 
of computational ease, both for scientists and the for nervous system. 
These schemes received further support when Marmarelis and McCann 
(1973), working on the flies Phaenicia and Musca, simultaneously 
confirmed a large second order component in the response of H1, and 
that terms higher than second order contribute little to the response.
The problem for many was how to generate a neuronal multiplier.
R(t) a cos( 2uDf - 2irTf ) (4)
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Thorson (1966) pointed out that shunting inhibition (Furman and 
Frischkopf 1964) could lead to sizable multiplicative components, and 
Torre and Poggio (1978) showed the practicality of motion detecting 
schemes using shunting inhibition. Torre and Poggio (1978) also 
pointed out that their model was compatible with that proposed by 
Barlow and Levick (1965) for directionally selective units in the 
rabbit retina, except that Barlow and Levick's scheme as proposed, 
with its constant delay, will suffer from temporal frequency dependent 
reversals of directional selectivity as described by equation (4) (see 
also Buchner 1984).
Later versions of the correlation model
Hassenstein and Reichardt's original model underwent a change 
which was first proposed in press by Kirschfeld (1972), and later 
formalised by Buchner (1976). This change involved the substitution 
of a first order high pass filter in the place of the box in figure 1 
and the inclusion of a low pass filter on the other leg (b). This 
feature appears in Torre and Poggio's (1978) model and also in models 
proposed by Zaagman et al. (1978) to explain the operation of H1. 
Aside from the work in invertebrates, correlation model analogues have 
also been proposed to explain the results of psychophysical 
experiments on motion by humans (Foster 1971, van Santen and Sperling 
1984). However, not all quantitative -models of motion detection 
require a multiplicative comparison.
The Watson-Ahumada and Adelson-Bergen models
Two new models have been proposed and though they appear 
different from the correlation model analogues, the new models are, 
not suprisingly, functionally the same (van Santen and Sperling 1985).
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For convenience sake the two new models will be referred to by 
acronyms of their authors' names , i.e. the AB (Adelson and Bergen 
1985) and the WA (Watson and Ahumada 1985) models.
It is important to keep in mind the notion of the "appropriate 
delay" introduced in the discussion of the correlation model. The 
idea introduced with equation (3) was that if a phase assymetry (Z) of 
90°, which was independent of temporal frequency, could be introduced 
between the legs of the EMD, then the temporal modulation set up in 
each leg by a moving sinusoidal grating of wavelength *JX, would arrive 
at the junction point in phase. Equation (1) describes the relative 
effectiveness of other wavelengths. If it could be arranged that 
motion in the opposite direction lead to the signals in the legs of 
the EMD being 180° out of phase then no signal would be transmitted 
for this case. Thus, such a model would produce a time varying signal 
at the grating's temporal frequency for motion in the preferred 
direction but no signal for the opposite direction, and the comparison 
operation would be purely additive.
This last arguement suggests that two independent phase shifts of 
90° are required, which in one instance add to give a total temporal 
phase shift of 180°, and in the other subtract to yield 0°. The WA 
and AB models generate these requisite shifts in different ways. Both 
models employ receptive fields with profiles as described by Gabor 
(19*16). More detail about such receptive fields will be given later 
but it is sufficient to say that the functions are Gaussian envelopes 
modulated by sines or cosines. Obviously, a pair of such receptive 
fields, sampling the same point in space, will give responses 90° out 
of phase. Interestingly, Gabor functions resemble the receptive
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fields simple-cells of the visual cortex of vertebrates (Marcelja 
1980). The rational for the WA and AB models then is to assign a 
motion detecting role to cortical simple cells.
In the case of the AB model two pairs of sine and cosine 
modulated receptive fields are used to generate the requisite two 90° 
phase shifts mentioned above. Impulse responses, spatial or temporal, 
like the Gabor pairs metioned, which when convolved with a sinusoidal 
stimulus give responses of the same gain but ^90° phase shifted, are 
by definition related by the Hilbert transform, and as such are "phase 
conjugates". The AB model also demands that the temporal impulse 
responses of the two channels be biphasic: intially excitatory and 
then inhibitory. The temporal properties of the channels insure that 
the temporal phase shifts introduced by the conjugate receptive fields 
add for one direction of motion and cancel for the other. The WA 
model uses phase conjugate receptive fields on each leg of an EMD, the
Qextra 90 phase shift being contributed by the temporal impulse 
responses in each leg, i.e. the temporal impulses responses of these 
channels are temporal phase conjugates.
As described so far, the WA and AB models will produce a 
directional response which is modulated at the temporal frequency of a 
moving Fourier component. To produce an unmodulated output for a 
given input the models square the signals and time average, i.e. they 
calculate the autocorrelation of the filtered signal (strictly 
speaking the operation is autocorrelation only if the time averaging 
occurs over infinite time, shorter integration times will alow some 
low frequency modulation to pass). Thus we see that, as for the 
analogues of the Reichardt model, these models require a phase
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asymmetry in the legs of the EMD and a multiplicative operation to 
generate a non-time-varying signal. Thus the order of the operations 
can be varied but the elements essential to the task must remain.
These descriptions of the WA and AB models are simplified but 
illustrate the general principles involved. One aspect of the WA 
model is that it is insensitive to changes in contrast (of course 
noise or robustness in the presence of noise are not considered). 
Unfortunately, for the WA model all motion-sensitive neurons recorded 
from to date confound contrast and motion (e.g. Grusser and Grusser- 
Cornehls 1973) as do the AB and Reichardt models (Watson and Ahumada 
1985). Other problems with the WA and AB models arise from the fact 
that they attempt to model the role of cortical simple cells as input 
units to a motion computation scheme. The problem with this is that 
70% of simple cells are already directionally selective (Bishop et al. 
1971). Also the neuron containing the result of the WA and AB models 
clearly resembles a complex cell, however not all complex cells are 
directionally selective.
Other motion detection schemes
A scheme employing a rectification of flicker signals before a 
comparison, involving a sophisticated thresholding operation, has been 
suggested by Wilson (1985). Presumably, similar schemes, where 
autocorrelation is performed before comparison, will also be possible, 
and indeed there is evidence of pure flicker being processed in this 
way by humans (Rashbass 1970). The motion detection model of Marr and 
Ullman (1981) does not argee with behavioural or electrophysiological 




These theories, while providing theoretical methods for sensing 
motion, do not consider the limitations that noise imposes either in 
terms of the robustness of these mechanisms in the presence of noise, 
or in terms of the limited capacity of cells to transmit information. 
Considerations of this kind have been very successful in understanding 
the structure of sensory systems and so discussion of ideas related to 
noise and signalling ability is warranted. Morover, it is with these 
approaches in mind that the work presented in this thesis was 
perf ormed.
Information theory and sensory systems
The basic tenant of information theory is that physically 
realisable linear systems are limited in their ability to resolve 
signals. In the case of signals varying in time, the limitations will 
be set by the channel,s temporal resolution, and the accuracy with 
which it can discriminate signal levels, and thus the number of 
possible signal states that can be transmitted per unit time is also 
limited. Such a channel is said to have a limited information 
capacity (E), defined by Shanon and Weaver (19-49) as:-
E = Ns * log2(N1), (5)
where N is the number of independent sample stations, Nn is the 
number of possible signal levels, and the units of E are Bits per 
sampling station interval.
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For a system coding a signal in time N , is given as the numbers
of resolvable signal states per second; commonly taken as the inverse 
of the integration time of the channel. Unfortunately the term 
"integration time" is ill defined since impulse responses of different 
linear systems have different characteristic widths that best describe 
them (Bracewell 1978). For the moment it is assumed that the system 
under consideration is low-pass and that a measure such as the impulse 
response's half width will be inversely proportional of the cut-off 
frequency (e.g. Howard and Snyder 1983). The question also arises as 
to how to define N^ for a system such as a neuron.
Obviously, the noisiness of the neuron will impose a limit on 
the number of just discriminable response levels within the cell's 
dynamic range, thus shifting the problem to how to define the signal- 
to-noise ratio (SNR); a particularly thorny problem with spiking 
neurons. The problem of how to define N^ also is complicated by the 
fact that even at the photoreceptor level the SNR can be dependent 
upon temporal frequency (French 1979). Nevertheless, attempts have 
been made to analyse the information capacity of neurons (e.g. Gestri 
1976, Blakeslee et al. 1985) and the findings are not far removed from 
what might be expected from simple sampling theory, i.e. spiking 
neurons with maximum spike rates of several hundred Hz have maximum 
information capacities of a few hundred Bits per second (Gestri 1976). 
Non-spiking neurons may achieve greater Bit rates but the shot-noise 
like properties of synaptic boutons may seriously limit transmission 
of these larger quantities of information to postsynaptic units 
(Blakeslee et al. 1985). Despite the difficulties posed by the 
quantification of these parameters, the discussion to this point 
emphasises that physical limits on the signalling ability of neurons
Introduction Page 11
exist and these limits mean that nervous systems should be as economic 
as possible in their representation of signals.
The applicability of Information Science is underscored by the 
success of these theories in describing eye design. Gotz (1965) 
applied sampling theory to show that fly eyes undersampled 
considerably. That is to say the sampling array of ommatidia is too 
coarse to correctly encode the spatial frequencies transmitted by the 
corneal lenses. The incorrectly represented frequencies "alias" back 
to appear as other frequencies moving in other directions depending on 
the relative orientation of sampling array and the Fourier component, 
as well as the geometry of the sampling array. Subsequently, other 
insect eyes were shown to undersample (Horridge 1978,1980), and the 
same is true in some 5 orders of insects (Wehner 1981). For natural 
scenes aliasing will lead to positional errors and the question must 
be asked how serious are these errors. If the photoreceptors are 
noisy small positional errors will be undetectable and so may be 
tolerable.
Early studies showed that photon shot-noise limited the acuity of 
eyes to less than the theoretical limits imposed by the wave nature of 
light (Snyder et al. 1977a, 1977b). Howard and Snyder (1983) showed 
that the SNR in photoreceptors could saturate, and so even in bright 
sunlight eyes still would not be able to attain the "diffraction 
limited" eye. However, none of these authors included a specific 
penalty for aliasing, but studies where a quantitative penalty is 
imposed show that at very low SNRs eyes can tolerate considerable 
aliasing in order to increase contrast at high spatial frequencies 
(Bossameyer and Snyder 1985).
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Redundancy removal
Aside from the problem of eye design, information theory has been 
applied in other areas as well. Barlow’s (1961) idea that the visual 
system should not transmit redundant information has lead to 
"predictive coding" strategies (for a review see Jain 1981) being 
applied to vision (Srinivasan et al. 1982). Predictive coding seeks 
to remove the part of a signal that can be predicted from the signal's 
autocorrelation function. Highly correlated signals can be predicted 
with high accuracy and so only as much of a given signal component 
need be transmitted as is required to reconstruct it to within the 
required accuracy. The oft quoted example of the operation of 
predictive coding is the case for the mean luminance. The mean is 
completely redundant over a whole scene so no more than one channel 
need be used to encode it. By contrast, an array of photodetectors 
arranged at the Nyquist frequency would all devote a huge fraction of 
their information capacity to coding the mean.
Based on the signal correlation, predictive coding uses the 
probable contents of nearest neighbours in a sampling array to 
determine the amount to be subtracted from the signal at any one array 
element, thus defining the shape of inhibitory surrounds. If the SNR 
is high nearest neighbours contain the best estimate of what is 
redundant. At lower SNRs an average over many array elements is 
required to obtain a reliable estimate of what should be removed so 
explaining the relative diffuseness of surround inhibition at lower 
luminances (Srinivasan et al. 1982).




scheme for orthogonalising colour channels, and their predictions may 
match the colour-opponent channels of humans. Their scheme removes 
the correlation that the overlapping spectral sensitivity of cones 
imposes on the colour signal.
Predictive coding suffers from being a statistical process and as 
such can make errors. Other methods exist to remove seen correlation 
such as image transformations (Jain 1981). Fourier representations of 
scenes completely remove all spatial correlation and so it is 
interesting that there is evidence that the visual cortex of 
vertebrates performs a local Fourier analysis. The suggestion is that 
signals conducted to the cortex from the lateral geniculate nucleus 
(LGN) are filtered by cortical simple cells. Marcelja (1980) (see 
also Kulikowski et al. 1982, Sakitt and Barlow 1982) recognised that 
simple cell receptive fields resembled Gabor (19*16) functions. As 
mentioned the receptive field shape required by Gabor is a two 
dimensional Gaussian envelope modulated with a one dimensional sine or 
cosine (see also Daugman 1980,1983). These functions have the 
property of simultaneously providing the best localisation in the 
frequency and inverse frequency domains (space in the case of 
receptive fields). Thus for a chosen spatial frequency bandwidth 
these functions allow the most local spatial analysis.
To understand the sampling strategy proposed by Gabor let us 
first consider a one dimensional infinite retina. The number of 
samples required per unit length for a chosen cut-off frequency is 
defined by the Nyquist rate. If receptive fields like Gabor functions 
are used, the number of cells required per unit length is the same,
however we may now parcel our cells to simultaneously cover passbands
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of space and spatial frequency (figure 2b). In one limiting case the 
retinal image could be coded by infinitely long receptive fields 
sampling narrow frequency bands, hence the system would be a full 
Fourier analyser (figure 2c), and as such would have the property of 
eliminating spatial correlation. For example notice that in figure 2c 
we have the sensible condition where only one channel (cell) codes the 
mean luminance for the whole eye (notice also that a noise induced 
error could radically change the appearance of the world). At the 
opposite extreme is the normal point sampling case, of samplers at the 
Nyquist rate with each channel able to code the whole frequency range 
(figure 2a). Obviously, in this extreme, and trivial, case we have 
lost all the decorrelating benefit obtained in the other extreme of a 
full Fourier analysis. This illustrates that intermediate cases, 
where the signal is sampled by receptive fields which are spatially 
and spatial frequency bandpass, will be less effective at removing 
scene correlation than a full Fourier scheme. The problem becomes 
much more complex if the retina is finite and two dimensional, however 
work by Bossameyer and Snyder (per. comm.) suggests that receptive 
fields whose Gaussian envelopes are so narrow as to allow only a few 
cycles of the modulating cosinusoid to be seen, already provide very 
good signal decorrelation.
It should be noted that half of the information in the visual 
signal is the phase information (Gabor 1946). To capture the phase 
information equal numbers of cells must exist with receptive fields 
modulated by both sine and cosine functions (or any two cosinusoids 
with a phase difference of 90°), and suitable pairs of cortical 
receptive fields have been recorded (Pollen and Ronner 1981). In 
fact, it has been shown that time averages of the spatial frequency
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portion of a picture can be substituted for the actual frequency 
coefficients with little loss of image quality, as long as the phase 
components are transmitted reliably (Thum 1983), although this 
procedure makes only modest reductions in the information required to 
construct the picture.
The point of this discussion on cells with Gabor like receptive 
fields is to illustrate that the evolutionary force imposed on the 
visual system system may be so great that the eye-brain has nearly 
reached the theoretical limits of efficiency of information 
transmission. Psychophsysical evidence indicates that the eye-brain 
comes within a factor of 2.5 of the Gabor efficiency limit (Daugman 
1984), and as such exceed the theoretical ability of schemes like that 
of Marr (1976) by a factor of 1.2.
Adaptation
Up to this point the schemes for data compression have all been 
directed at removing the redundant part of an image without a real 
loss in any part of the varying part of a signal. In general this has 
meant reducing the gain of some image components (frequencies, 
temporal or spatial) while leaving others, the high frequency ones, 
unaffected. This hands-off policy for high frequencies makes sense 
when one considers for example that in the case of spatial 
frequencies, it is these components which define sharp boundaries and 
small objects. There are cases where the gloves must come off 
because the signal strengths are simply too great for a cell to apply 
its maximum gain to any portion of of the signal. This case is well 
demonstrated by photorecptors which must code up to 10 decades of 
luminance. Obviously, with SNR ratios of maximally 100 (e.g. French
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1979, Howard and Snyder 1983) insect photoreceptors would be hard 
pressed to represent 10 decades of intensity in anything like a linear 
representation, especially with the temporal resolution implied by 
integration times of around 1/100 s (Pinter 1972, Howard 1981, Howard 
et al. 1984), and similar behavioural thresholds (for a review see 
Srinivasan and Lehrer 1984).
Photoreceptors tackle this problem by reducing their absolute 
sensitivity to all temporal frequencies by much the same amount 
(French 1979) so that the gain at low temporal frequencies is very 
nearly inversely proportional to the mean light intensity (see also 
Sakuranaga and Ando 1985). Sensory systems which give responses 
scaled to the average stimulus intensity are said to follow Weber’s 
law. Since, such systems will give equal responses to log-equal 
displacements from a given background stimulus, Weber's law can be 
written
Response « log ( S-S /S ), (6)m m
Where S is the stimulus strength and S^ the average stimulus level. 
Studies show that (6) is approximately obeyed by both invertebrate 
(Laughlin 1976) and vertebrate (Norman and Werblin 1974) 
photoreceptors where S is equal to light intensity (for discussion see 
chapter 3), and so the quantity encoded by photoreceptors is 
contrast. A rationale based on information theory has been put 
forward by Laughlin (1981) to justify contrast encoding and the non­
linear response function of the large monopolar cells postsynaptic to 
fly photoreceptors. Information theory dictates that the most 
efficient use of a channel will be achieved when all signal states are
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used equally often (Shanon and Weaver 1949). For the LMCs this means 
that the response function should match the cumulative probability of 
contrasts in the environment, and this appears to be the case, at 
least in light adapted conditions (Laughlin 1981). Thus, encoding 
contrast is an efficient strategy because, independent of the absolute 
illumination level, the distribution of contrasts will be very nearly 
the same (the quality of illumination may differ slightly, for example 
in sunlit and overcast conditions).
Gain control elsewhere
There would seem to be no reason not to expect gain control 
mechanisms similar to those described so far to be found higher up in 
the nervous system. Response decline accompanying prolonged 
stimulation has been known for some time in the visual cortex (Maffei 
et al. 1973). More recently this decline has been shown to be linked 
to a gain control mechanism (Ohzawa et al. 1982, Albrecht 1984). The 
gain control has been looked at as a means for cortical cells to cope 
with changes in average contrast levels. However, there is no reason 
to assume that cortical cells are primarily interested in contrast 
more than any other parameter because they confound a number of visual 
parameters. In particular, stimuli of the same contrast but markedly 
different temporal or spatial frequency content, or average 
orientation, can produce wildly different responses. This is 
reflected in psychophysical results where subjects confound contrast 
and velocity or temporal frequency (Thompson 1981,1982).
Psychophysics also indicates the presence of adaptive mechanisms 
in higher visual areas. Several seconds of exposure to moving targets 
will leave a subject with the illusion that stationary scenes are
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moving in the opposite direction to the adapting stimulus. This 
"motion after effect" has been shown to be dependent on the temporal 
frequency of drifting sinewave gratings (Pantle 1974, see also 
Tolhurst 1973). Other psychophysical experiments indicate that a gain 
control exists for the perceived speed of random dot stimuli (Mckee
1981, Nakayama 1981, Mckee and Nakayama 1983, van Doom and Koenderink
1982, 1983a) because the threshold for detecting a velocity difference 
increases with increasing average stimulus velocity, and does so 
according to Weber’s law.
Evidence that the fly neuron H1 adapts has been increasing for 
some time. In fact the adaptive quality was well reflected by the 
declining responses seen in the earliest published records of H1 
responses (Bishop and Keehn 1967). Somewhat later Srinivasan and 
Dvorak (1979) showed that, like humans, flies suffer motion after 
effects, and that the H1 neuron showed a similar behaviour, however 
large adaptation effects were not seen because the grating used for 
the electrophysiological experiments was moved to produce only 1.25 Hz 
(see chapter 1). Eriksson (1984) controlled for the change in 
sensitivity implied by response decline, and Gestri et al. (1980) 
modelled the change in H1’s discharge in terms of the peak spike rate 
achieved. These last author’s approaches treat H1 as the adapting 
element, however subsequent studies (Maddess and Laughlin 1985, 
chapter 1) showed that adaptation is localized to different eye 
regions.
The first three chapters of this thesis examine adaptation of a 
range of visual neurons in flies, butterflies and cats to moving 
stimuli . Attempts are made to quantify the types of sensitivity
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change that response decline indicates, and also to quantify what 
parameters if any exercise control over these adaptive processes. 
Marked similarities are found in the three groups studied.
Adaptation to patterns
The second half of this thesis deals with afterimage-like 
phenomena in the fly motion-sensitive neuron H1. An afterimage is 
defined as a sensitivity mask produced by viewing a stationary or 
slowly moving stimulus. After subjects view a stimulus which can 
produce an afterimage they perceive a pattern whose contrast is the 
reverse of the stimulus. The use of the word mask implies that the 
perceived contrast of an afterimage would be sufficient to null the 
subjects ability to see a real object having the same contrast 
amplitude but the reverse sign. This was confirmed by Burbeck and 
Kelly (198-4) for sinusoidal gratings, but only for spatial frequencies 
lower than 1.5 cycles per degree. At higher spatial frequencies the 
situation is apparently more complex (Kelly 1981).
Kelly (1979a,b,1980,1982) has investigated afterimages produced 
by moving stimuli which, unlike the stationary case, affect only the 
low spatial frequency moving stimuli (see also Burbeck and Kelly 
1980). The fact that the visibility of moving stimuli is also 
affected may indicate that afterimages may be produced in channels 
primarily sensitive to motion.
Another form of adaptation to patterns is the apparent shift in 
the perceived frequency of a grating stimulus (Blakemore and Sutton 
1969). These sensitivity changes have been taken as support for the 
hypothesis of Campbell and Robson (1968) that the brain looks at the
Introduction Page 20
world through a set of spatially bandpass windows, which can change 
their sensitivity (for review see, Georgeson 1980). These effects are 
are seen even when the speed of stimulus movement is too high for 
afterimages to appear (Burton et al. 1977). Evidence has been 
presented that the dark and bright components of patterns are 
processed by separate units (Burton et al. 1977). This, and the 
ocular transferability of the effects argues strongly for a cortical 
origin of the effects. However, there also appear to be elements 
adapting differentially to bars of different lengths (Burton and 
Ruddock 1978), and the size dependency does not show ocular 
transf erence.
Thus the situation in man is complicated by pattern selective 
adaptation at a number of levels and perhaps in separate channels 
devoted to processing stationary and moving patterns (see also 
Kulikowski 1975,1978 a,b). In results presented in chapters 4 and 5 
on the fly H1 neuron we see an afterimage-like effect. The effect is 
very powerful, but as yet has an undetermined role. Since the effect 
would clearly reduce at least the time average visibility of patterns, 
and because the effect is produced by stationary or slowly moving 
patterns, it is more like the human afterimage process, than other 
pattern selective forms of adaptation.
The studies presented here determine some basic parameters of the 
afterimage effect, such as onset and decay times, and contrast and 
spatial frequency dependence. Some attempts are made to determine the 
origin of the effect, and experiments in chapter 5 confirm that, as 
with afterimages in humans, the effects persists even for slowly
moving patterns. If, as in humans, further studies show that
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afterimages in H1 affect only low spatial frequencies (Burbeck and 
Kelly 1980), then the effect may represent a gain control dependent on 
spatial frequency and acting on slowly moving stimuli. Srinivasan and 
Dvorak (1980) have shown that the fly can glean little motion 
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Chapter I
Adaptation of the motion-sensitive 
neuron H1 is generated locally and 
governed by contrast frequency
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Summary
Recordings from the motion sensitive giant neuron H1 of the 
lobula plate of the fly Lucilia cuprina, indicate that small field, 
possibly retinotopic, units presynaptic to H1 , adapt in response to 
motion in much the same way as photoreceptors do to their signal, 
light intensity. As a result their response is related to what we 
have called velocity contrast. This adaptation is shown to take place 
during or after the computation of motion, and is strongly dependent 
on contrast frequency (temporal frequency of a moving grating). 
Photometric contrast contributes much less to the rate of adaptation, 
this is best seen by the fact that at low contrast frequencies, strong 
photometric contrasts can saturate H1, and yet do not adapt H1 
quickly. We propose that the dependence of the adaptation upon 
contrast frequency is a strategy for linking the radical changes of 
sensitivity and temporal resolution with adaptation to that signal 
parameter availible to H1 which is most indicative of velocity change. 
The effects of changes in signal parameters not related to motion, 
such as sudden changes in photometric contrast, which might otherwise 
be construed as velocity changes are reduced. Impulse response 
measurements confirm the increase in temporal resolution of velocity 
changes, during adaptation, as already known in adaptation to frequent 
impulses. The variable rate of adaptation means that the best measure 
of responsiveness is the peak instantaneous spike discharge rate. 
Taking this into account, the preferred contrast frequency of the H1 
neuron, in the unadapted state is 8-10 Hz, in close agreement with the 
optimum contrast frequency for initiating a landing response in
tethered flies.
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I n t r o d u c t i o n
The H1 neuron i s  one of a c l a s s  of g i a n t  f i b r e s  in  the  " l o b u l a  
p l a t e "  of f l i e s  ( see  Hausen 1981 f o r  a review ) .  Th is  o p t i c  lobe 
r e g i o n ,  termed the  " c o c k - p i t  of the f l y  " by P i e r a n t o n i  (1976),  
c o n t a i n s ,  in  a d d i t i o n  t o  H1, o th e r  d i r e c t i o n a l l y - s e l e c t i v e  wide f i e l d  
neurons  encoding f low f i e l d  components fo r  a l l  p o s s i b l e  degrees  of 
freedom of th e  f l y ' s  motion (Hausen 1981).  Some of t h e s e  c e l l s  
connect  t o  descending  f i b r e s  which run t o  th e  t h o r a c i c  g a n g l i a  (see  
f o r  example,  S t r a u s f e l d  and Bacon 1983, S t r a u s f e l d ,  1984),  whereas H1 
sends i t s  axon t o  the  c o n t r a l a t e r a l  o p t i c  l o b e .
The H1 neuron has a wide r e c e p t i v e  f i e l d  cover ing  much of one eye 
and i t  i s  s e n s i t i v e  t o  r e g r e s s i v e  mot ion ( i . e .  from back towards 
f r o n t ,  a t  t h e  s i d e  of the  eye ) :  be ing  i n h i b i t e d  by motion i n  the
o p p o s i t e  d i r e c t i o n .  T h e re fo re  H1 i s  g e n e r a l l y  thought t o  be a c t i v e  
dur ing  yaw and sideways t r a n s l a t i o n  of t h e  f l y  (Hausen 1981).  H1 and 
the  o th e r  g i a n t  c e l l s  a re  thought to  r e c e i v e  a r e t i n o t o p i c  a r r a y  of 
i n p u t s  e i t h e r  d i r e c t l y  from t h e  medu l la ,  or v i a  t h e  o u t e r  lo b u l a  ( e . g .  
S t r a u s f e l d ,  1984).  Thus H1 and i t s  f e l l o w  lo b u l a  p l a t e  c e l l s  a re  
probab ly  f i f t h  o rd e r  i n t e r n e u r o n s .
P rev ious  a u th o r s  (Zaagman e t  a l . 1978) have shown t h a t  H1 ' s 
behaviour  can be d e s c r ib e d  in  terms of  H a s s e n s t e in  and R e i c h a r d t ' s  
(1956) c o r r e l a t i o n  model.  According t o  t h i s  model the  s t im u lu s  
p ro p e r ty  encoded f o r  a g iven moving p a t t e r n  i s  " c o n t r a s t  f requency" ,  
i . e .  the  f l i c k e r  f requency  seen a t  a p o in t  on the  eye when p a t t e r n s  
move. The im por tance  of c o n t r a s t  f requency  has been dem ons t ra ted  in  
H1 (E cke r t  1980),  and o th e r  l o b u l a  p l a t e  g i a n t  c e l l s  (Hausen
1981 ,1982) .  The s t r e n g t h  of th e  motion s i g n a l  depends on th e  c o n t r a s t
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of the spatial frequency components making up the visual stimulus 
(Horn and Schunck 1981). The recent demonstration that Hassenstein 
and Reichardt’s model also accounts for some aspects of motion 
sensitivity in man (van Santen and Sperling 1984) makes work on these 
fly neurons of wider relevance.
Eriksson (1 984) has pointed out that the response of H1 appears 
to adapt to constant motion but little attention has been paid to this 
effect, which must influence both the coding of motion by the cell and 
measurements of the cell’s sensitivity to motion. In this paper we 
analyse the adaptation seen in H1's response and show that adaptation 
must be taken into account in describing H1’s behaviour. In addition 
we demonstrate that the adaptation is localised to the retinal regions 
stimulated, and that the adaptation process is driven by moving 
stimuli and not by flickering patterns. Thus adaptation is likely to 
take place in the neural units corresponding to the elementary 
movement detectors inferred previously to be presynaptic to H1 (for a 
review see Buchner, 1984).
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Methods
Female sheep blowflies, Lucilia cuprina, were obtained from the 
CSIRO, Division of Entomology, Blowfly Genetics Group, Black Mountain, 
Canberra ACT. Several wild strains were used, most commonly the 
standard CSIRO wild type and another strain dubbed LBB. Flies used 
were 2 to 8 days post-emergent, and were chilled for 60 to 90 seconds 
to improve handling while waxing them to an articulated stand. Carbon 
dioxide was not used. The reddish eyes of Lucilia allowed alignment 
of the eye relative to the stand by observation of the pseudopupil 
under red light. Afterwards the stand, and so the fly, was aligned to 
the CRT. This process allowed alignment accuracies of a few degrees. 
During recording the flies were oriented so that a point 30° lateral 
to the fly's midline and along the equator of the fly's eye, pointed 
towards the CRT centre. The animal sat 10cm from the CRT and, unless 
otherwise stated, the screen was masked with a 10cm diameter circle, 
making the screen subtense 58°. This arrangement meant that the 
contralateral eye saw a very narrow crescent of the screen edge, and 
that most of the ipsilateral H1 neuron's receptive field faced the 
CRT. Since H1 crosses the brain to the opposite optic lobe, the 
neuron was recorded from the contralateral side leaving the 
ipsilateral half of the head undisturbed. Receptive field size, 
stimulus preference, and contralateral recording position are 
sufficent to identify the H1 neuron (Hausen 1981).
The mean background spike rate was determined for 15 seconds 
before every stimulus presentation. If the background discharge rate 
varied by more than 5055, recording was stopped; generally spike rates 
rose during an experiment. Cells were also abandoned if their 
spontaneous discharge dropped below 5 impulses/s or climbed above 30
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im p u l s e s / s  f o r  t h r e e  co n s e c u t iv e  measurements ,  and d a t a  from th o se  
l a s t  runs  were d i s c a r d e d .  P r e l i m in a ry  exper im en t s  showed an i n c r e a s e  
in c o n t r a s t  t h r e s h o l d  o u t s i d e  t h i s  ran g e .  C e l l s  showing b u r s t y  
spontaneous  a c t i v i t y  were a l s o  r e j e c t e d ,  as de te rmined by i n s p e c t i o n  
and from the v a r i a n c e  of the background d i s c h a r g e ,  which was a l s o  
r e c o rd e d .  The r e c o r d i n g  room was dark and t h e  te m pera tu re  c o n t r o l l e d  
t o  23° + / -  3° C. Al l  f l i e s  were adap ted  t o  the  CRT fo r  a minimum of 
20 minutes and f i r s t  exper im en ts  were r e p e a t e d  t o  ensure  s t a b i l i t y .
E x t r a c e l l u l a r  re s p o n s es  were o b t a in e d  w i th  t u n g s t e n - i n - g l a s s  
e l e c t r o d e s  a f t e r  th e  method of M e r r i l l  and Ainsworth (1972) .  
E l e c t r o d e s  had impedances of l e s s  than 0 .5  M , when measured in  f l y  
Ringer a t  50Hz. While f i n d i n g  the  c e l l ,  t h e  s i g n a l  was only  h igh pass 
f i l t e r e d  (100 Hz co rne r  f r e q u e n c y ) ,  and under t h e s e  c o n d i t i o n s  c e l l s  
were no t  s e l e c t e d  u n le s s  sp ike  h e ig h t  was g r e a t e r  than 250yV, measured 
from the  b a s e l i n e ,  and the  r a t i o  of b a s e l i n e  n o ise  h e i g h t  t o  s p ik e  
h e ig h t  was a t  l e a s t  5.
S t im u l i  were produced on a computer  d r iven  CRT d i s p l a y  u n i t
having a P31 phosphor.  The equipment was v i r t u a l l y  th e  same as t h a t
1 2of Dvorak e t  a l . (1980) .  The CRT r a d i a n c e  was 2.1x10 photons
1 1 2s -  S r -  cm- and the  s p e c t r a l  com posi t ion  was as measured by th o s e
- 2a u t h o r s .  The CRT luminance  was 4 cd m . The r e f r e s h  t ime was 6 .5  ms 
and a frame c o n ta in ed  1024 l i n e s .  Spikes  were a m p l i f i e d  by s t a n d a r d  
methods f o r  c o l l e c t i o n  by th e  o n - l i n e  computer  ( D i g i t a l  Equipment 
LSI11-03) ,  which counted the  number of s p i k e s  per p i c t u r e  r e f r e s h .  
All  th e  r e s u l t s  p r e s e n te d  here  were o b t a in e d  by ave ra g ing  between 5
and 100 t r i a l s .
Chapter  I
F ig u re  1
(a)  The d i s t r i b u t i o n  of c o n t r a s t s  i n  the  random g r a t i n g ,  p o s i t i v e  
c o n t r a s t s  i n d i c a t e  b r i g h t e r  than  average  g r a t i n g  components.  The mean 
i s  measured over the  whole g r a t i n g ,  (b)  L o g - l i n e a r  and l o g - l o g  s p a t i a l









Chapter  I Page 38
Experiments with  g r a t i n g s
To avoid  a f t e r im a g e  e f f e c t s  (Maddess 1985) two s t r a t e g i e s  were
used.  In  th e  f i r s t ,  t h e  CRT was kept  un i fo rm ly  l i t  a t  t h e  mean
luminance excep t  when a moving or f l i c k e r i n g  t e s t  g r a t i n g  was
p r e s e n t e d  t o  th e  eye ,  i . e .  th e  g r a t i n g  was no t  l e f t  s t a n d i n g  on th e
CRT between t r i a l s .  In the  second case  one-d im ens iona l  random
( a p e r i o d i c )  g r a t i n g s  were used.  The a p e r i o d i c  g r a t i n g s  had luminance
p r o f i l e s  which were s p a t i a l l y  f i l t e r e d  t o  have most of t h e i r  power
below 1 cy c l e  per  degree ( f i g u r e  1b).  The f i l t e r i n g  was done by
convolv ing  a 1 .52°  (20 CRT l i n e s )  wide r e c t a n g u l a r  window fou r  t im es
wi th  t h e  o u tp u t  from a random number g e n e r a t i n g  program, where each
random number co r responded  t o  the  luminance of  a CRT l i n e .  The random
numbers had a uniform d i s t r i b u t i o n  between 0 and 1. The m u l t i p l e
H
c o n v o lu t io n s  a re  e q u i v a l e n t  t o  m u l t i p l i c a t i o n  wi th 5 .3 3 s i n c  ( 1 . 5 2 f )  in
the  f requency  ( f )  domain.  The f i l t e r e d  o u tp u t  was then s c a l e d  t o
a c h iev e  th e  d e s i r e d  c o n t r a s t  d i s t i b u t i o n .  The p r o b a b i l i t y
d i s t r i b u t i o n  of  c o n t r a s t s  i n  th e  a p e r i o d i c  g r a t i n g  used had a s t a n d a r d
d e v i a t i o n  on t h e  mean of 0 .25  ( f i g u r e  1 a ) ,  which i s  c l o s e  t o  the
n a t u r a l  d i s t r i b u t i o n  of  c o n t r a s t s  i n  th e  envi ronment (Laughl in  1981b).
C o n t r a s t s  f o r  s i n u s o i d a l  i n t e n s i t i e s  were d e f in e d  as
(I  - I  . ) / ( I  +1 . ) (1= CRT r a d i a n c e ) ,max min max mm
Experiments with  bars
A p a i r  of s i n u s o i d a l l y  modulated b a r s ,  each c e n t r e d  on a 
p h o to r e c e p to r ,  w i l l  mimic t h e  l i g h t  d i s t r i b u t i o n  of t h e  s y s t e m ’ s 
p r e f e r r e d  s i n u s o i d a l  g r a t i n g  when t h e i r  m odu la t ion  i s  phase s h i f t e d  by 
90°,  and so w i l l  y i e l d  a maximal motion s i g n a l .  S i m i l a r l y ,  b a r s  
modulated w i th  a 270° phase s h i f t  w i l l  mimic a g r a t i n g  of  the same 
wavelength ,  but  moving i n  th e  mot ion  d e t e c t o r ’ s n o n p r e f e r r e d
d i r e c t i o n .  By v a r y in g  the  phase s h i f t ,  a s i n u s i o d a l  g r a t i n g  of  any
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waveleng th  can be mimicked,  where the  p e r c e iv e d  wavelength  W i s  given
by:
( 1 )
where A<J> i s  the i n t e r o m m a t id i a l  ang le  and Z i s  the phase s h i f t  
(deg rees )  in  t h e  two b a r s '  m odu la t ion .  The mimicked g r a t i n g ’ s 
app a re n t  speed i s  given by Wp m u l t i p l i e d  by the  b a r s '  modula t ion 
f r e q u e n c y .
For exper iments  employing bar p a i r s  the CRT's a p e r t u r e  was 
r e c t a n g u l a r  and i t s  h o r i z o n t a l  e x t e n t  was from t h e  f l y ' s  e q u a t o r i a l  
ang le  E= -3 °  t o  E= 63°. The s c r e e n  ex tended v e r t i c a l l y  27° above and 
below the  e qua to r  of the f l y ' s  eye.  The bar  luminances were modulated 
about  t h e  mean luminance  of t h e  CRT. The bar p a i r s  were v e r t i c a l l y  
o r i e n t e d ,  and t h e i r  w id th  was a d j u s t e d  so  t h a t  the  angu la r  s u b t e n s e  of 
the  bars  as observed  in  th e  e q u a t o r i a l  p lane  of t h e  f l y ' s  eye was 
1 .5 ° .  The remain ing  s c r e e n  was a t  the  mean luminance .  Bar c o n t r a s t s
N o t ic e  t h a t  t h e s e  bars  do not  a c c u r a t e l y  mimic g r a t i n g s  when the  
bars  a r e  p r o j e c t e d  upon a r b i t r a r y  p o s i t i o n s  on the  f l y ' s  hexagonal  
p h o to re c e p to r  l a t t i c e ,  s i n c e  the  bars  w i l l  not  be c e n t r e d  on 
phot o r e c e p to r  f i e l d s .  To compensate f o r  t h i s ,  s e v e r a l  s e p a r a t i o n s  
between bars  were t e s t e d  t o  see  which gave th e  s t r o n g e s t  d i r e c t i o n a l  
s i g n a l .  D i r e c t i o n a l i t y  v e r s u s  bar  s e p a r a t i o n  was t e s t e d  by f i n d i n g  
the s e p a r a t i o n  s im u l t a n e o u s l y  g iv in g  th e  g r e a t e s t  e x c i t a t i o n  fo r  a 90°
were d e f in e d  as (I bar ^ b ac k g ro u n d ^ ^ b a c k g ro u n d ’
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phase shift and the greatest inhibition for a 270° phase shift. Over 
the eye region used in experiments, E=10° to 30°, and using 1.5 bars, 
the directionality was maximum when the two bars touched. Apparently, 
the greatest ratio of motion detectors seeing both bars, to those 
seeing only one bar and hence only flicker, is on average achieved by
this arrangement.
Chapter  I
F igu re  2
(a )  A v e r t i c a l  s i n u s o i d a l  g r a t i n g  of wavelength  9 .6  deg ree s  and 
c o n t r a s t  0.8 was p r e s e n te d  t o  the  f l y  i n  a 52° diam ete r  f i e l d .  The 
g r a t i n g  was m anipu la ted  in  t h e  f o l l o w in g  sequence  over  t h i r t y  t r i a l s .  
F i r s t ,  the  g r a t i n g  remained s t a t i o n a r y  f o r  13.3 s .  The g r a t i n g  then  
a l t e r n a t i v e l y  moved in  the  p r e f e r r e d  d i r e c t i o n  or remained  s t a t i o n a r y  
in  i n t e r v a l s  of .83 s each .  (b)  The f i r s t  cy c l e  of  (a)  expanded t o  
show t h e  o s c i l l a t i o n s  due to  a f t e r im a g e  fo rm a t io n .  I f  t h e  s t a t i o n a r y  
g r a t i n g  i s  r e p la c e d  by a uniform f i e l d  dur ing  the  13.3 second r e s t  
pe r io d  th e s e  o s c i l l a t i o n s  d i s a p p e a r  (Maddess 1985).  The i n s e t  shows 
the  sp ike  d i sch a rg e  o s c i l l a t i o n  from t h i s  c e l l  fo r  a s i n g l e  t r i a l  
t r i g g e r e d  a t  t h e  onse t  of g r a t i n g  motion.  The o r i g i n a l  sp ik e  h e i g h t  
was 550yV; but when f i l t e r e d  f o r  photography on a slow s t o r a g e  scope ,  
t h e  r e s u l t  i s  r e p r e s e n t a t i v e  of t h e  minimal r e c o r d i n g  c o n d i t i o n s  










Response adaptation to moving gratings:
When presented with a sequence of brief movements of a grating 
interposed with brief intervals of rest, H1 adapts strongly (figure 
2a), both within the period of movement and during the sequence of 
movements. This shows that adaptation takes effect almost immediately 
after movement begins, and its effect is cumulative. Before analysing 
the strength and time course of adaptation in greater detail we must 
describe a second factor greatly influencing H1’s sensitivity.
When H1's response during the first cycle of motion in figure 2a 
is plotted at an expanded time scale, large oscillations in the 
instantaneous spike rate are seen (figure 2b). In the following paper 
(Maddess 1985) it is shown that this effect is due to an afterimage. 
The afterimage is a set of retinotopic changes in sensitivity to 
motion induced by the grating while it was previously at rest. 
Because the inducing object was periodic, the sensitivity changes were 
also periodically distributed. Consequently, motion of the grating 
resulted in response modulations due to interference between parts of 
the grating and the eye regions of altered sensitivity. To minimise 
these afterimage effects we frequently employed the one dimensional 
random gratings described in "Methods". Also, because the grating 
started to move from a new position from trial to trial, response 
fluctuations due to interference between the random grating and its 
random afterimage disappear with averaging. In our studies with 
sinusoidal gratings we have not explored very slow angular velocities 
(10°/s) because they are likely to be contaminated by the afterimage 
effect (Maddess 1985). Knowing that the second form of adaptation
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(a )  One d e t e r m i n a t i o n  of  the r e c o v e ry  t im e ,  showing the  r a t e  of  
decay of t h e  r e s p o n s e .  The small  r e s p o n s e  i n d i c a t e s  a s i n g l e  
measurement of re sponse  r e c o v e r y .  (b)  The accumula ted  r e c o v e ry  t ime;
d a t a  from e ig h t  c e l l s .  Responses were de termined  as the  peak s p ik e  
r a t e  de termined  over 104 ms from responses  averaged  f i v e  t i m e s .  The
e r r o r  bars  a re  95% c o n f id e n c e  l i m i t s .
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exists and can be controlled against we can now return to studying the 
decline in responsiveness induced by motion.
The time course of adaptation
The following experiment shows the time course of adaptation and 
the time taken to recover sensitivity when motion stops. Experimental 
trials consisted of three parts. First a stationary random grating 
was presented to the fly for 33 s; this acted as a rest phase in 
successive trials. Afterwards H1 was adapted to motion by moving the 
grating at 47°/s for 20 s. During the first few seconds of movement, 
H1 ' s discharge fell and then declined more slowly to reach a near 
steady state level within the 20 s period of motion (figure 3a). 
Following adaptation, the grating remained stationary for most of a 20 
s test phase, except when it was moved at 23°/s for 104 ms to measure 
the unit’s sensitivity to motion after a given recovery time. The 
next trial began with the 33 s rest phase. Test velocities were 
occasionally presented 3.3 s before the next presentation of the 
adaptation period. Thus the time between adapting periods was kept 
constant at 73 s, but the time between the cessation of adaptation and 
the presentation of the- test pulse was varied from one set of trials 
to the next, to build up a curve relating responsiveness to recovery 
time (figure 3b).
Compared to the response after 50 s of recovery, the cells return 
to near their base state within 20 or 30 s (figure 3b). Later we 
show that different gratings and speeds result in different time 
courses of adaptation. Hence, the data in figure 3b is presented only 
to justify the periods of adaptation and recovery used in the 
following experiments, and as such should only be taken as a general 
impression of the recovery times to be expected for arbitrary
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Demonstrat ion of the i n c r e a s e  i n  r e l a t i v e  s e n s i t i v i t y  w i th  
a d a p t a t i o n .  Each curve  r e p r e s e n t s  t h e  r e s u l t  of 80 averaged  
ex per im en ta l  t r i a l s  c o n t a i n i n g  the  f o l l o w in g  sequence .  F i r s t  8 .3  s of 
s t a t i o n a r y  g r a t i n g ,  then  a t e s t  phase when the  g r a t i n g  moved a t  5 8 ° / s  
f o r  6 .7  s .  During t h i s  phase ,  16 e q u a l ly  spaced 39 ms inc rem en ts  (a)  
or decrements (b) of 2 3 .  ^ ° / s  were added t o  the  v e l o c i t y  of  the
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g r a t i n g s .  Most of the a d a p t a t i o n  occu rs  w i th i n  the  f i r s t  6-8 s of 
motion.  So,  to  al low f o r  av e ra g in g  l a r g e  numbers of t r i a l s ,
exper iments  to  i l l u s t r a t e  s e n s i t i v i t y  change w i th  a d a p t a t i o n  used 
s h o r t e r  a d a p t a t i o n  t imes of 6.7 s ,  s i n c e  most of t h e  i n t e r e s t i n g  
e f f e c t s  m a n i f e s t  themselves  by t h a t  t im e .
The e f f e c t  of a d a p t a t i o n  upon s e n s i t i v i t y  t o  motion
I t  i s  p o s s i b l e  t h a t  th e  d e c l i n e  i n  r e s p o n s e  du r ing  c o n t i n u i n g  
mot ion  i s  r e l e a s i n g  H1 from s a t u r a t i o n  ( e . g .  f i g u r e  10) so  t h a t ,  by 
analogy w i th  p h o t o r e c e p to r s  (Laughl in  1981a) ,  a d e c l i n e  i n  r e s p o n s e  t o  
t h e  s u s t a i n e d  s t im u lu s  i s  accompanied by an i n c r e a s e  in  s e n s i t i v i t y  t o  
f l u c t u a t i o n s  about  the  s u s t a i n e d  s i g n a l  l e v e l .  Th is  p o s s i b i l i t y  was 
examined u s ing  a s t im u lu s  v e l o c i t y  which f l u c t u a t e d  about  a s e t  mean. 
The averaged  r e s p o n s e  of an H1 c e l l  t o  80 t r i a l s  c o n t a in in g  b r i e f  
decrements or inc rem en ts  of v e l o c i t y  imposed on a mean l e v e l  a r e  
p l o t t e d  i n  f i g u r e s  4a and 4b r e s p e c t i v e l y .  The r e s p o n s e  t o  changes in  
v e l o c i t y  i n c r e a s e s  as the s t e a d y  s t a t e  sp ik e  d i s c h a rg e  d e c r e a s e s .  
E v i d e n t l y ,  an i n c r e a s e  i n  r e l a t i v e  s e n s i t i v i t y  accompanies a d ec re ase  
in  a b s o l u t e  s e n s i t i v i t y  d u r in g  a d a p t a t i o n .
To t e s t  f u r t h e r  th e  h y p o th e s i s  t h a t  a d a p t a t i o n  r e l e a s e s  H1 from 
s a t u r a t i o n ,  we de termined  the  v e l o c i t y / r e s p o n s e  curves  fo r  c e l l s  
adap ted  t o  s t a t i o n a r y  and t o  moving g r a t i n g s .  These exper im en t s
employed the  one d im ens ional  random g r a t i n g ,  which moved in  th e  
p r e f e r r e d  d i r e c t i o n ,  but  a t  s e v e r a l  c o n s t a n t  a d a p t in g  v e l o c i t i e s .  
Every 1.7 s the  v e l o c i t y  was changed f o r  104 ms to  a t e s t  v e l o c i t y .  
The peak s p ik e  f requency  averaged  over 40 t r i a l s ,  c a l c u l a t e d  f o r  a b in  
t ime of 6 .5  ms, was taken as the  r e s p o n s e .
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(a )  V e lo c i ty  r e sp o n se  curves  fo r  a s i n g l e  c e l l  adap ted  ( lower)  
and unadapted  (u p p e r ) .  The arrow i n d i c a t e s  th e  ave ra ge  s p ik e  r a t e  a t  
the  a d a p t in g  v e l o c i t y  of  5 8 ° / s .  (b)  A s c a t t e r  p l o t  of r e sponse  v e r su s
log  of v e l o c i t y  f o r  s i x  c e l l s .  F o r ty  t r i a l s ,  1.7 s long  were av e raged  
to  o b t a i n  each p o in t  f o r  each c e l l .  A l l  curves  a re  f i t t e d  by eye .
300 -
Grating Velocity in Degrees  pe r  Second
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Six cells met the stability criteria mentioned in "Methods". 
Figure 5a is a linear plot of the peak responses of one cell against 
test velocities for the two adapting velocities 0 and 58°/s. Notice 
the saturation of H1’s peak response at modest velocities when 
unadapted as shown in the upper curve. The lower curve, obtained for 
58°/s constant motion, shows a decrease in absolute sensitivity, 
predictable from figures 3a and 4a,b. However, due to the increased 
slope in the region of the adapting velocity (arrow at 58°/s) , the 
curve demonstrates that HI responds more strongly to an increment or 
decrement of velocity about the adapting value than it would in the 
unadapted state.
Photoreceptors in different adaptation states give approximately 
equal amplitude responses to fluctuations of equal photometric 
contrast over a wide range of intensities; a property that has been 
termed "contrast constancy" (for review see Laughlin 1981a). A 
general definition of photometric contrast (C ) for aperiodic stimuli 
is the ratio of light intensity fluctations (I-I ) on the mean 
intensity (I ).
C - (I-I )/Ip m m (2)
Given the similarity in adaptation, it is worth asking if H1 codes 
"velocity contrast",
Cv (V-V )/V m m (3)
where V is the mean velocity and V a fluctuation about the mean. The m
dependence of H1's response on velocity contrast was tested in two
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Responses of twelve c e l l s  adapted  t o  s e v e r a l  v e l o c i t i e s  and 
t e s t e d  a t  v e l o c i t y  c o n t r a s t s  of + / -  0 .3 .  Responses f o r  fou r  a d a p t in g
v e l o c i t i e s  were each done on s i x  c e l l s  ( s o l i d  d o t s ) .  Data f o r  
a d a p t a t i o n  t o  5 8 ° / s  (open c i r c l e s )  was o b ta in e d  from c e l l s  i n  f i g u r e  
5b. E r ro r  bars  a re  one s t a n d a r d  d e v i a t i o n .  In  t h e  second b a t c h  of 
c e l l s  ( s o l i d  d o ts )  the  f i r s t  10 of 50 t r i a l s  were d i s c a r d e d  t o  ensu re  
a d a p t a t i o n  p r i o r  t o  measurement.  Th is  may accoun t  f o r  t h e  s l i g h t  
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ways.
The first of these was to examine plots of response versus log 
velocity. Equal slopes on these semi-logarithmic plots would indicate 
equal sensitivities to velocity contrast. A scatter plot of response 
versus log velocity, from the six cells, appears in figure 5b, showing 
the variability between cells whose individual responses are as smooth 
as those in figure 5a. The curve for the adapted cells, while shifted 
to the right, is slightly steeper than that for unadapted condition. 
Rather than demonstrating exact contrast constancy, the cells show a 
slightly enhanced response to small contrasts in the adapted state.
The second method of demonstrating close adherence to velocity 
contrast coding was to measure the responses to fixed velocity 
contrasts over a range of adaptation states (figure 6). Measurements 
for four adaptation states were completed in six other cells. 
Responses to velocity contrasts of +/- 0.3 were interpolated from
these measurements. The two points for adaptation to 58°/s were 
derived from the cells presented in figure 5. The two groups of six 
cells each seem to be in good agreement. If HI coded velocity 
contrast accurately, then the responses should lie along horizontal 
lines, i.e. they should give the same response regardless of absolute 
velocity. Responses to positive velocity contrasts (velocity
increments) appear to be consistently lower than response to the 
negative contrasts. Nevertheless, a good approximation to velocity 
contrast constancy is made. The shape of the response function ( 
figure 5a ) means this approximation becomes better for velocity 
contrasts lower than 0.3; i.e. negative contrasts are coded with 
relatively less gain, making responses to lower velocity contrasts
more symmetrical.
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The s t e a d y  s t a t e  r e sponse  of  the  twelve c e l l s  of f i g u r e  6 a t  th e
s i x  f u l l y  adap ted  c o n d i t i o n s  t e s t e d .  The cu rve  i s  a p l o t  of
0 25R esp o n se= C (v e lo c i ty ) * , C= 53 .6  i m p u l s e s / s  and the  p r o p o r t i o n  of  the
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Coding the  a b s o l u t e  mot ion  s i g n a l
The s u g g e s t io n  of  v e l o c i t y  c o n t r a s t  coding need no t  mean t h a t  a l l  
i n f o r m a t io n  on th e  ave rage  mot ion  s i g n a l  i s  l o s t .  I n  f a c t ,  t h e  f u l l y  
adapted  r e sp o n se  shows a t o n i c  component.  F igu re  7 shows the 
background d i s c h a rg e  r a t e s  f o r  the  12 c e l l s  of f i g u r e  5, a t  t h e  s ix  
a d a p t a t i o n  s t a t e s  t e s t e d .  C l e a r l y ,  w h i le  the  r e l a t i o n s h i p  i s  
n o n l i n e a r ,  i n f o r m a t io n  on the  a b s o l u t e  mot ion  s i g n a l  w i l l  be a v a i l a b l e  
t o  p o s t s y n a p t i c  c e l l s  having long  t ime  c o n s t a n t s .  Thus the
consequence of a d a p t a t i o n  would seem to  be a r e d u c t i o n  i n  t h e  time 
r e s o l u t i o n  of  the  a b s o l u t e  motion s i g n a l .
The loc us  of the a d a p t a t i o n
The nex t  exper iments  dem ons t ra te  t h a t  the  a d a p t a t i o n  p rocess  
shown above a r i s e s  no t  from the  d i s c h a r g e  of  H1 i t s e l f ,  bu t  from much 
s m a l l e r  u n i t s ,  p robab ly  th e  r e t i n o t o p i c  a r r a y  of e l em en ta ry  mot ion  
d e t e c t o r s  (EMD's) i n f e r r e d  from e l e c t r o p h y s i o l o g y  on H1 (Marmarelis  
and McCann 1973, Zaagman e t  a l . 1977, R ie h le  and F r a n c e s c h i n i  1984)
and f l y  behaviour  ( f o r  rev iew  see  Buchner 1984).  To i n v e s t i g a t e  the  
s p a t i a l  l o c a l i s a t i o n  of  a d a p t a t i o n  r e q u i r e s  narrow s t a t i o n a r y  s t i m u l i ,  
capab le  of e x c i t i n g  EMD's. P a i r s  of b a r s ,  as d e s c r ib e d  i n  "Methods",  
a r e  well  s u i t e d  t o  t h i s  t a s k  as they w i l l ,  under c e r t a i n  c o n d i t i o n s ,  
mimic th e  l o c a l  l i g h t  d i s t r i b u t i o n  on th e  eye from a moving s i n u s o i d a l  
g r a t i n g .
The t e s t s  f o r  l o c a l i s a t i o n  of  a d a p t a t i o n  were run w i th  10 t r i a l s  
in  which a blank s c r e e n  was p r e s e n t e d  f o r  t h e  f i r s t  13.7  s ,  a f t e r  
which the  bars  were p r e s e n t e d  f o r  8 .5  s .  In  114 such exper im en ts  on 
e ig h t  c e l l s ,  a pronounced re sponse  a d a p t a t i o n  was always seen d u r in g
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(a)  Sample r e sponse  of  H1 t o  a s i n g l e  p a i r  of bars  c e n t r e d  a t  
e q u a t o r i a l  ang le  E=17.5°,  modulated a t  4.2 Hz and phase s h i f t e d  by 
90°. (b)  The p a i r  i s  s h i f t e d  t o  E=22.5° in  th e  middle  of  the  t e s t  
t ime .  The re sponse  i n d i c a t e s  no a d a p t a t i o n  a t  t h e  second l o c a t i o n  due 
to  s t i m u l a t i o n  a t  the  f i r s t .
seconds
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the 8.5 s test period. Experiments were conducted in two stages. At 
first, a bar pair was presented at one of two equatorial test 
locations, usually E= 10° or 30°. The peak spike rate, for sample 
bins of 104 ms, was brought to the same level, usually about 140 
impulses/s, for each location, by adjusting the bar contrast. Once 
contrasts were set to achieve approximately equal response levels at 
both positions (to within 5 impulses/s), the second stage of the 
experiment was begun. Here the 8.5 s test period was divided in half. 
During the first half, a bar pair was presented at one of the
previously tested positions. At half time these bars were replaced 
with the mean luminance and a second pair appeared at the second, 
previously tested region. The adaptation is local because the 
response to the second pair is not diminished despite marked 
adaptation to the first pair (figures 8a,b). No consistent difference 
was found whether the right or left pair was presented first. Both
orders of presentation were used and control runs (where the response
to individual pairs was tested) were usually done before and after the 
tests containing both pairs. The data presented is for a bar
modulation frequency of 4.2 Hz. Tests were also done at 1.4, 2.1, 
4.2, 6.3, and 8.5 Hz. The result is the same at these frequencies 
also.
Narrower separations between locally adapting stimuli were also 
studied in two cells, using two 1.5° bar pairs, centred on T=17.5° and 
22.5°. While the centres were 5° apart, the finite width of the bars 
brought neighbouring edges of the two pairs within 2° of each other. 
This was as close as pairs were brought to each other to avoid 
adaptation of the second tested region by the first bar pair due to
Chapter  I
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(a)  Normalized re s p o n s es  a c e l l  t o  s t i m u l a t i o n  a t  t h r e e  c o n t r a s t  
f r e q u e n c i e s ;  only  t h e  re sponse  phase i s  shown. T r i a l s  c o n s i s t e d  of 
16.7 s of no g r a t i n g  mot ion ,  fo l low ed  by 6.7  s of g r a t i n g  mot ion .  To 
avo id  a f t e r im a g e  fo rm at ion  d u r in g  the  16.7 s r eco v e ry  phase (not  
shown) the  g r a t i n g  was r e p l a c e d  wi th  a uniform f i e l d .  (b)  Time 
c o n s t a n t s  were derv ived  from f i t s  of eq u a t io n  (4 ) ,  and a r e  based  on 
105 d e t e r m in a t io n s  i n  f i v e  c e l l s .  Data from g r a t i n g s  having  
wavelengths  of 4 .9 ° ,  9 . 7 ° ,  and 19 .4°  showed no s i g n i f i c a n t  d i f f e r e n c e  
f o r  given c o n t r a s t  f r e q u e n c i e s  so they  were p l o t t e d  t o g e t h e r .  All  
f i t s  t o  re sponse  cu rves  accounted  f o r  90% or  more of t h e  r e s p o n s e  
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overlapping photoreceptor fields. As before, there was no
reproducible effect on the amplitude or time course of the response to
the second pair resulting from adaptation to the first pair (figure
o8). The photoreceptors in this eye region of Lucilia are about 2 
apart (Land and Eckert in press), so the small field units mediating 
adaptation may be retinotopically distributed, as suggested by anatomy 
for the putative inputs to H1 (e.g. Strausfeld 1984).
Relative importance of stimulus parameters on response adaptation
It is well established that H1’s response depends on stimulus 
velocity, contrast and spatial wavelength, but the most important 
factor, as outlined in the introduction, is the combination of spatial 
wavelength and velocity, called contrast frequency (e.g. Eckert 1980). 
To what extent do these parameters determine the process of 
adaptation? We have investigated this problem by comparing adaptation 
to stimuli having different combinations of contrast frequency and 
photometric contrast to achieve approximately the same initial spike 
rate. To avoid afterimage effects (Maddess 1985) the screen was blank 
during the inter-test period. The conclusion from these experiments 
is that the adaptation is faster at higher contrast frequencies 
(figure 9a).
The responses from six cells investigated in this way were all 
fitted with the function:
R(t) = Ce“(t/T) + E (4)
Where T is the time constant of decay, C the spike rate at t=0, E 
a background spike rate, and t=0 was taken as the time of the peak
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C o n t r a s t  r e s p o n s e  f u n c t i o n  f o r  a g r a t i n g  of wavelength  9 .7 °  a t  a 
v e l o c i t y  which g ives  a c o n t r a s t  f requency  of  9 .6  Hz. P rev ious  s t u d i e s  
(Dvorak e t  a l .  1980) show t h i s  s p a t i a l  f requency  i s  near  o p t i m a l .  
Notice t h a t  the  c e l l  begins to  s a t u r a t e  near  c o n t r a s t  0 .2 .  Peak sp ik e  
r a t e s  were de te rmined by t a k in g  a 104ms run n in g  mean over  th e  6.5ms 
b i n s ,  and s u b s e q u e n t ly  choos ing the  104ms p e r io d  a f t e r  s t im u lu s  onse t  
which gave th e  h ig h e s t  ag g re g a te  number of s p i k e s .  Hence,  s p ik e  r a t e s  
were averaged over 104ms but t imes  to  peak were d e t e rm in a b le  t o  w i t h i n  
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d i s c h a r g e  r a t e .  I t  should  be s t a t e d  a t  th e  o u t s e t  t h a t  e q u a t io n  4 i s  
no t  meant t o  d e s c r ib e  the  p rocess  u n d e r ly in g  the  a d a p t a t i o n  
r i g o r o u s l y ,  but  i n s t e a d  to  g ive  a r e l a t i v e  index to  d e s c r i b e  what i s  
obvious  t o  the  eye ( e . g .  f i g u r e  9 a ) .  Thus the  b ia s  term E does not 
r e f l e c t  th e  e v e n t u a l  adap ted  s t e a d y  s t a t e ,  which i s  not  ach ieved  f o r  
20 t o  30 s .  The r e s u l t a n t  t ime c o n s t a n t s  a t  v a r io u s  c o n t r a s t  
f r e q u e n c i e s  show no dependence on s p a t i a l  wave leng th ,  so  we pooled 
d a t a  from exper im en ts  where d i f f e r e n t  combinat ions  of v e l o c i t y  and 
s p a t i a l  waveleng th  y i e ld e d  t h e  same c o n t r a s t  f requency  ( f i g u r e  9b) .  
The pooled  d a t a  conf irm t h a t  the  t ime c o n s t a n t  of a d a p t a t i o n  d e c re a se s  
r a p i d l y  as c o n t r a s t  f requency  i n c r e a s e s ,  i r r e s p e c t i v e  of s p a t i a l  
wave leng th  and v e l o c i t y .
Another major parameter of moving scenes  i s the pho tom e t r i c
c o n t r a s t , bu t  some idea  of t h e r e l a t i v e : impotency of c o n t r a s t  in
producing a d a p t a t i o n can be gained[ from f i g u r e  9a. These re s p o n s e
f u n c t i o n s  were o b ta in e d  us ing  th e  same s p a t i a l  w avelength  and 
c o n t r a s t ,  y e t  when the  c o n t r a s t  f requency  was low (2 .4  Hz) the 
a d a p t a t i o n  r a t e  i s  q u i t e  minimal ,  e s p e c i a l l y  when compared t o  the  
f a s t e s t  c o n t r a s t  f requency  (19 .2  Hz) whose a b s o l u t e  peak was 10 
im p u l s e s / s  l e s s  th a n  i t s  s lower c o u n t e r p a r t .
To i l l u s t r a t e  t h i s  f u r t h e r ,  exper im en ts  were done on f i v e  o th e r  
c e l l s  to  examine t h e  a d a p t a t i o n  time c o n s t a n t  as a f u n c t i o n  of 
c o n t r a s t  ( f i g u r e  10) .  The s t im u lu s  was a near  op t imal  s i n u s o i d a l
Q
g r a t i n g  of  wavelength  9 .7  moved t o  produce the  c o n t r a s t  f r equency  9.6 
Hz. The e x p e r im e n ta l  t r i a l  t imes  and p r e s e n t a t i o n s  were as i n  the  
p rev io u s  s e c t i o n .  F ig u re  11a shows the  t ime course  of  a d a p t a t i o n  f o r  
t h e  t h r e e  c o n t r a s t s  0 .05 ,  0 . 2 ,  and 0 .4  used to  o b t a i n  the  p o i n t s
i n d i c a t e d  by arrows i n  f i g u r e  10. F igu re  11b shows th e s e  t ime c ou r se s
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(a) The unsea led  r e sponses used whi ch y ie ld e d the p o i n t s
i n d i c a t e d by arrows in  f i g u r e 1 0. T r i a l t imes and g r a t i n g
p r e s e n t a t i o n  as fo r  F ig u re  9. (b)  Responses shown in  f i g u r e  10a a r e
norm al ised  t o  t h e i r  peaks.  The c o n t r a s t s  f o r  each curve  a r e :  0.4 
(kinky c u r v e ) ,  0 .2  ( s tep p ed  c u r v e ) ,  0.05 ( d o t s ) .
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normal ised  t o  t h e i r  r e s p e c t i v e  peaks .  E v id e n t ly  the  t ime c o n s t a n t s  
are very n e a r l y  th e  same, d e s p i t e  t h e  l a r g e  d i f f e r e n c e  in  a b s o l u t e  
sp ike  a c t i v i t y ,  as  was the case  fo r  a l l  f i v e  c e l l s .  I n t e r e s t i n g l y ,  
t h e  r a t e  of d e c l i n e  i n  r e s p o n s e ,  as shown by t h e  jagged con t inuous  
curve in  f i g u r e  11b ( c o n t r a s t = 0 . 4 ) ,  was always l e s s  f o r  c o n t r a s t s  
above 0 .3  than  a t  lower c o n t r a s t s .  This  r e s u l t  was a l s o  conf irmed  i n  
exper im en ts  on 10 o th e r  c e l l s  us ing  s i n u s o i d a l  g r a t i n g s ,  and i n  4 
exper im en ts  on one c e l l  u s ing  random g r a t i n g s  with  a range  of 
c o n t r a s t s .
In c o n c l u s i o n ,  the  c o n t r a s t  f requency  components of a s t im u lu s  
seem to  de te rm ine  t h e  r a t e  of a d a p t a t i o n ,  a t  l e a s t  a t  n o n - s a t u r a t i n g  
c o n t r a s t s ,  so t h a t  even s i g n a l s  with  h igh  c o n t r a s t s  cause only  modest  
r a t e s  of a d a p t a t i o n  i f  t h e i r  c o n t r a s t  f r e q u e n c i e s  a re  sm a l l .  By 
compar ison,  n e i t h e r  th e  a b s o l u t e  sp ike  a c t i v i t y  w i t h i n  th e  c e l l  nor 
th e  c o n t r a s t  of th e  s t im u lu s  seem to  a f f e c t  t h e  time course  a t  a l l ,  
w ith  one e x c e p t io n .  At near  s a t u r a t i n g  c o n t r a s t s  the a d a p t a t i o n  i s  
a c t u a l l y  s low er ,  c o n t r a r y  t o  t h a t  expec ted  f o r  c o n t r a s t  a d a p t a t i o n .  
The most l i k e l y  e x p l a n a t i o n  i s  t h a t  when H1 i s  s a t u r a t e d  i t s e l f  i t  
masks much of th e  a d a p t a t i o n  of p r e s y n a p t i c  u n i t s .  A subsequen t  paper  
(Maddess 1985) w i l l  show t h a t  H1 has l i t t l e  or no a d a p t a t i o n  i t s e l f .
The dependence of a d a p t a t i o n  on motion
The f a c t  t h a t  the  s i n g l e  s t im u lu s  paramete r  " c o n t r a s t  f r e q u e n c y " ,  
dominates a d a p t a t i o n  a l lows  exper im en ts  which l o c a l i s e  th e  a d a p t a t i o n  
p rocess  in  the  cha in  of  even t s  l e a d in g  t o  the  r e s p o n s e  of  H1. I f  a 
mechanism tuned to  c o n t r a s t  f requency  a c t e d  b e fo re  th e  computa t ion  of 
motion,  g r a t i n g s  f l i c k e r e d  a t  a given  c o n t r a s t  f r eq u en cy ,  but  having
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The e f f e c t  f l i c k e r  on a d a p t a t i o n .  In a l l  cases  a s i n u s o i d a l
Q
g r a t i n g  of wavelength 9.7  and c o n t r a s t  0.15 d r i f t e d  a t  a v e l o c i t y  t o  
produce 9.7 Hz d u r in g  the  6.7  s t e s t  p e r io d .  For t h e  remain ing  16 .7s  
one of t h r e e  a d a p t in g  s t i m u l i  was p r e s e n t e d ,  (a )  Contro l  run w i th  the  
moving t e s t  g r a t i n g  p re s en te d  between p e r io d s  when a uniform f i e l d  a t  
the mean luminance was p r e s e n t e d .  (b)  The t e s t  g r a t i n g  r e v e r s i n g  i t s  
c o n t r a s t  a t  9.6 Hz i s  p re s e n te d  ( i n s t e a d  of th e  uniform f i e l d )  d u r in g  
the  e n t i r e  16.7 s i n t e r - t e s t  t ime.  (c)  Between t e s t s  the t e s t  g r a t i n g  
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no mot ion s i g n a l ,  might  adap t  H1 as e f f e c t i v e l y  as moving the  same 
g r a t i n g s  to  y i e l d  t h e  same c o n t r a s t  f requency .  A lso ,  i f  f l i c k e r  
d r i v e s  a d a p t a t i o n  then  a r e v e r s i n g  c o n t r a s t  g r a t i n g ,  i . e .  a g r a t i n g  
s h i f t i n g  by 180°, would adapt  H1 as e f f e c t i v e l y  as an i d e n t i c a l  
g r a t i n g  moved a c ro s s  th e  eye to  produce t h e  same c o n t r a s t  f requency .  
T h e re fo re  the  f o l l o w in g  exper iment was done. A g r a t i n g  of  c o n t r a s t  
0.15  and wave length  9 . 7 °  was f i r s t  p r e s e n t e d  w i th  r e v e r s a l  of c o n t r a s t  
a t  9.6 Hz f o r  16.7 s .  At t h e  end of t h i s  a d a p t a t i o n  p e r io d  th e  
g r a t i n g  moved o f f  in  the  p r e f e r r e d  d i r e c t i o n  f o r  6.7 s .  The g r a t i n g  
v e l o c i t y  d u r ing  t h e  moving phase gave i t  a c o n t r a s t  f requency  of 9.6 
Hz. F igure  12b shows the outcome of t h i s  exper imen t and f i g u r e  12a of 
a c o n t r o l  where th e  eye was adap ted  i n s t e a d  to  a b lank s c r e e n  be fo re  
be ing t e s t e d  w i th  the  moving g r a t i n g .  In   ^ such exper im en ts  on 2 
c e l l s  th e  e f f e c t  of t h e  f l i c k e r i n g  g r a t i n g  compared to  c o n t r o l s  was to  
d ep re s s  the peak s p ik e  r a t e  by 10% and t o  i n c r e a s e  the  a d a p t a t i o n  t ime 
c o n s t a n t  by 18%, changing from an ave rage  of 5 .9  s to  7 .2  s .  To show 
t h a t  the  a d a p t a t i o n  due t o  f l i c k e r  i s  n e g l i g i b l e  compared t o  t h a t  
produced by moving s t i m u l i ,  t h e  same c e l l  as  in  12 a , b  was adap ted  to  
the  same t e s t  g r a t i n g  but  now moving 8 t imes  s low er .  From f i g u r e  9b i t  
can be seen  t h a t  the  a d a p t in g  c o n t r a s t  f r equency ,  1.2 Hz, i s  a weak 
a d a p t in g  s t i m u l u s .  D esp i te  the  ad ap t in g  c o n t r a s t  f requency  be ing  
t h r e e  o c taves  away from optimum, the  c e l l s  r e sponse  has changed 
d r a m a t i c a l l y  ( f i g u r e  12c) .  The re sponse  i s  t r a n s i e n t  and the  peak 
r a t e  has dropped by 33%, compared t o  th e  c o n t r o l  ( f i g u r e  12 a ) ,  and the  
t ime c o n s t a n t  of decay has dropped t o  1.9 s ,  i n d i c a t i n g  t h a t  the  
a d a p t a t i o n ,  w hile  dependent  upon c o n t r a s t  f r e q u e n c y ,  occu rs  a f t e r  the  
computa t ion of  mot ion .  I t  i s  worth n o t i n g  t h a t  the  t ime c o n s ta n t  of 
1.9 s i s  s h o r t e r  th a n  t h a t  o b t a in e d  f o r  9.6 Hz i n  th e  d a t a  of f i g u r e  
9b. Whether t h i s  r e f l e c t s  the  e a r l i e r  a d a p t a t i o n  a t  1.2 Hz or not
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w i l l  r e q u i r e  f u r t h e r  s tu d y .
A p o s s i b l e  e x p l a n a t i o n  f o r  the  r e s i d u a l  a dap t ing  e f f e c t  of the 
r e v e r s i n g  c o n t r a s t  g r a t i n g s  i s  t h a t  t h e  i n p u t s  t o  H1 do not  comple te ly  
exclude s i g n a l s  due t o  f l i c k e r ,  and t h e s e  weak s i g n a l s  a r e  passed  on 
as f a l s e  mot ion  s i g n a l s .  T h i s  i s  not  u n reas o n ab le ,  and even expec ted ,  
p a r t i c u l a r l y  i f  sh u n t in g  i n h i b i t i o n  i s  used t o  compute the  motion 
s ig n a l  (Thorson,  1965, Torre  and Poggio,  1978).
A d ap ta t io n  and measurements of s e n s i t i v i t y
Having e s t a b l i s h e d  t h a t  i n p u t s  to  H1 a d a p t ,  i t  i s  n a t u r a l  t o  ask 
what e f f e c t  t h i s  a d a p t a t i o n  has on t h e  measurements of the  v a r io u s  
c h a r a c t e r i s t i c s  of H1. One p a r t i c u l a r l y  i n t e r e s t i n g  measure i s  H1 's  
c o n t r a s t  f requency  r e s p o n s e  f u n c t i o n  (CFR) in  the  unadapted s t a t e .  
Th is  f u n c t i o n  has been de termined  by s e v e r a l  a u th o rs  but  t h e r e  i s  some 
d isagreement between t h e i r  r e s u l t s .  Some a u t h o r s  f i n d  peak c o n t r a s t  
f r e q u e n c i e s  of about 1-2 Hz (S r in iv a s a n  and Dvorak 1980, Ecker t  1980),  
w h i le  o t h e r s  f i n d  va lues  of 4-5 Hz (Zaagman e t  a l .  1978, Hausen 1981).  
U n fo r tu n a t e ly  the  method of  de te rm in ing  the  r e sp o n se  t o  c o n t r a s t  
f requency  i s  not  given by some (Zaagman e t  a l .  1978, Hausen 1981). In  
the case of  S r i n i v a s a n  and Dvorak (1980) and Ecke r t  (1980) r e s p o n s e s  
were de termined  from averages  taken  over many seconds of r e s p o n s e .  
Th is  method does not t ake  i n t o  account  the  d i f f e r e n t  r a t e s  of 
a d a p t a t i o n  to  d i f f e r e n t  c o n t r a s t  f r e q u e n c i e s .  S i m i l a r l y  CFR’ s 
determined as the r e sp o n se  a t  the  end of  s h o r t  but  c o n s t a n t  p e r io d s  of 
a d a p t a t i o n  w i l l  be b ia sed  by th e  f requency  dependent  a d a p t a t i o n .  To 
avoid  t h e s e  problems we used peak sp ike  r a t e s  to  de te rmine  the  
unadapted r e s p o n s e .
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C o n t r a s t  f requency  re s p o n s es  de termined  i n  two ways.  A ll  p o i n t s  
were d e r iv e d  from 123 re sponses  of f i v e  c e l l s .  The s o l i d  cu rve  i s  
d e r iv e d  from peak r e s p o n s e s ,  and the  dashed curve i s  o b ta in e d  from the 
s p ik e  r a t e  d u r in g  th e  f i n a l  100 ms of 6.7 s of s t i m u l a t i o n .  E r ro r  
bars  a r e  95% con f idence  l i m i t s .  Data from two oc taves  of s p a t i a l
f requency  are  pooled.
contrast frequency
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Three s i n u s o i d a l  i n t e n s i t y  g r a t i n g s ,  having  wavelengths  of 4 .9 ° ,  
9 .7 °  and 19 .4° ,  were employed t o  t e s t  f o r  any s p a t i a l  wavelength 
dependence on CFR shape.  Equal c o n t r a s t  f r e q u e n c i e s  f o r  t h e  t h r e e  
g r a t i n g s  were o b ta in e d  by a d j u s t i n g  g r a t i n g  v e l o c i t y .  The c o n t r a s t s  
of t h e  t h r e e  t e s t  g r a t i n g s  were a d j u s t e d  to  y i e l d  near  equal  peak 
r e sponse  l e v e l s  ( to  w i t h i n  10 i m p u l s e s / s ) .  Peak sp ike  r a t e s  were used 
because t h e s e  must r e f l e c t  the  unadapted s e n s i t i v i t y .  The c o n t r a s t s  
f o r  t h e  t h r e e  t e s t  wavelengths  of 4 .9 ° ,  9 . 7 ° ,  and 19 .4°  were 0 .24 ,  
0 .15 ,  and 0.24 r e s p e c t i v e l y .  In  agreement with  p rev ious  a u th o r s  ( e . g .  
E cke r t  1980, Hausen 1981) t h e r e  was no dependence of  CFR shape on 
s p a t i a l  wavelength ,  so the  d a t a  f o r  equal  c o n t r a s t  f r e q u e n c i e s  were 
pooled a c r o s s  th e  f i v e  c e l l s .  However th e  CFR o b ta in ed  h e r e ,  shown in 
f i g u r e  13 ( s o l i d  c u r v e ) ,  i s  maximal a t  about  8-10 Hz r a t h e r  the  va lues  
sugges ted  by p rev ious  a u t h o r s .  While 8-10 Hz co r responds  well  t o  th e  
CFR of the l a n d in g  r e sp o n se  of  s e v e r a l  f l i e s  (Ecker t  and Hamdorf 1981, 
Wehrahn e t  a l .  1981),  i t  i s  d i f f i c u l t  t o  say  whether  our  measuring 
scheme i s  i n d i c a t i v e  of  the a d a p t a t i o n  l e v e l s  of those  f l i e s .
Also i n  f i g u r e  13 i s  a CFR (dashed l i n e )  de termined  from th e  same 
d a t a ,  bu t  w ith  the  r e sp o n se  measured as the average r a t e  dur ing  the  
f i n a l  100 ms p o r t i o n  of the  6.7 s of t e s t  g r a t i n g  mot ion.  P l o t s  in 
f i g u r e  9a show t h a t ,  excep t  f o r  the  h i g h e s t  f r e q u e n c i e s  t e s t e d ,  6.7  s 
i s  i n s u f f i c i e n t  fo r  H1 t o  come t o  s t e a d y  s t a t e ,  so  the  second  curve i n  
f i g u r e  13 does not  r e p r e s e n t  f u l l y  adap ted  r a t e s .  The r a t i o n a l e  of 
t h i s  second curve i s  to  i l l u s t r a t e  what would happen i f  measurements 
a re  done a f t e r  a s h o r t  bu t  f i x e d  a d ap t in g  p e r io d ,  when a d a p t a t i o n  
proceeds a t  d i f f e r e n t  r a t e s .  Not s u p r i s i n g l y  th e  peak of  the second 
cu rve  i s  a t  a lower f r eq u en cy ,  about  2 Hz. The d i sc repancy  between 
the  two curves  p o in t s  out th e  danger of u s ing  measures which do not
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Responses of H1 t o  s i n g l e  jumps of 3° ( e q u i v a l e n t  v e l o c i t y  = 
4 6 8 ° / s )  a t  adap t in g  v e l o c i t i e s  of (a)  0 ° / s ,  (b) 1 1 . 7 ° / s ,  (c )  2 3 . ^ ° / s ,
Q
(d) 35 / s .  Although exac t  v e l o c i t y  impulse  r e s p o n s e s  could  no t  be 
de termined  fo r  b , c  and d, the  h e ig h t  of th e  peak r e s p o n s e  dem ons t ra te s  
the  c e l l s  a re  not  f a t i g u e d ,  and the  r e d u c t i o n  in  w id th  shows the 
s h o r t e n e d  time c o n s t a n t .  The f i r s t  20 out  of 100 t r i a l s  of d u r a t i o n  
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ensure  measurement in  the  same a d a p t a t i o n  s t a t e .
A dap ta t ion  and temporal  r e s o l u t i o n
The temporal  re sponse  of  i n p u t s  to  H1 can be a l t e r e d  by exposure  
to  con t inuous  mot ion .  H1 's  temporal  r e s o l v i n g  power of changes in  
v e l o c i t y  was a s s e s s e d  by measur ing H 1 's  v e l o c i t y  im pulse re s p o n s e  
( S r in i v a s a n  1983),  which i s  t h e  r e a c t i o n  of a motion d e t e c t o r  t o  a 
b r i e f  v e l o c i t y  im pulse ,  or j e r k ,  in  the  d e t e c t o r ' s  p r e f e r r e d
d i r e c t i o n .  In  g e n e r a l ,  when th e  re s p o n s e  i s  much wider th a n  the
s t im u lu s  the r e s p o n s e  w id th  a t  h a l f  h e ig h t  i s  i n v e r s e l y  p r o p o r t i o n a l  
t o  the  c e l l ' s  c u t - o f f  f requency  ( f o r  more e x ac t  accoun ts  see  Bracewel l  
1978, S r in iv a s a n  1983).  For c l a r i t y ' s  sake we r e p e a t  t h a t  the
temporal  r e s o l v i n g  t a s k  r e f e r r e d  to  here  i s  t h a t  of d i s c r i m i n a t i n g
changes in  v e l o c i t y ,  and not  f l i c k e r  r e s o l u t i o n .
Measurements of H1 ' s impulse  re sponse  a t  t h r e e  r a t h e r  slow 
ad ap t in g  v e l o c i t e s  dem ons t ra te  t h a t  temporal  r e s o l u t i o n  i s  
d r a m a t i c a l l y  in c r e a s e d  by a d a p t a t i o n  t o  motion ( f i g u r e  14).  The random 
g r a t i n g  was used ,  but  the  scene  was jumped in  one s c re e n  w r i t e  or  6.5 
ms. In agreement with p rev ious  a u th o r s  ( S r i n i v a s a n  1983, Zaagman e t  
a l . 1983), t h i s  s t im u lu s  i s  s u f f i c i e n t l y  s h o r t  t o  be c o n s id e re d  as  an 
impulse  f o r  the  unadapted c e l l  ( f i g u r e  14a) .  However, even a d a p t a t i o n
Q
t o  the  modest background v e l o c i t y  of 11.7 / s  reduces  the d u r a t i o n  of 
t h e  impulse  r e s p o n s e  t o  such an e x t e n t  t h a t  i t  cannot  be a d e q u a te ly  
r e s o lv e d  us ing  6.5  ms b in  w id th s .  By any c r i t e r i o n ,  the  s t im u lu s  i s  
a l so  no longe r  im pu ls ive  so we cannot  c o n s id e r  t h e s e  shapes  t o  be 
impulse r e s p o n s e s .  Two t h i n g s  a re  n o t a b l e  about  the  adap ted  
r e s p o n s e s .  F i r s t  the  background or  mean s ig n a l  i s  l e s s  w el l  
r e p r e s e n t e d  than the  changes in  t h a t  s i g n a l ,  as  we would expec t  from
Chapter  I Page 55
the e a r l i e r  r e s u l t s  on a d a p t a t i o n .  Secondly an i n h i b i t o r y  component 
was observed  a t  th e s e  and o th e r  a d a p t in g  v e l o c i t i e s  in  6 c e l l s  ( e . g .  
f i g u r e s  14b-d) .  In co n c lu s io n  even though the  re s p o n s es  of f i g u r e  1M 
b , c , d  a re  not  p ro p e r ly  d e s c r ib e d  as impulse  r e s p o n s e s ,  t h e  s h o r t e n i n g  
conf i rm s  the r e l a t e d  i n c r e a s e  in  temporal  f requency  r e s p o n s e  (Zaagman
e t  a l .  1 983).
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D iscuss ion
A dap ta t ion  and the  n e u r a l  mechanisms of motion d e t e c t i o n
We have shown t h a t  the  a d a p t a t i o n  seen i n  H1 i s  l o c a l i z e d  t o  
small  eye r e g i o n s ,  and i s  accompanied by a s h o r t e n i n g  of th e  v e l o c i t y  
impulse  r e s p o n s e .  The r a t e  of  a d a p t a t i o n  i s  c o n t r o l l e d  i n  l a r g e  p a r t  
by th e  c o n t r a s t  f requency  components produced by moving s t i m u l i ,  while  
s t a t i o n a r y  f l i c k e r i n g  s t i m u l i  a re  much l e s s  e f f e c t i v e .  These f i n d i n g s  
s u gges t  t h a t  th e  locus  of a d a p t a t i o n  i s  p r e - s y n a p t i c  t o  H1 but  p os t -  
s y n a p t i c  t o  the  computa t ion  of  mot ion.  The e lem en ta ry  movement 
d e t e c t o r s  (EMD's) i n f e r r e d  from b e h a v io u ra l  exper im en ts  ( e . g .  Buchner 
1976) a r e  obvious c a n d i d a te s  fo r  the  s i t e  of a d a p t a t i o n .
The d isco v e ry  of l o c a l  a d a p t a t i o n  may he lp  r e s o l v e  the  
d i s p o s i t i o n  of  EMD’ s with  r e s p e c t  t o  the  hexagonal  sampl ing  l a t t i c e  of 
th e  r e t i n a .  S t i m u l a t i o n  of H1 by s t e p p i n g  an edge th rough  a small 
angle  (Zaagman e t  a l . 1977) i n d i c a t e  s e n s i t i v i t y  maxima c o r re spond ing
t o  the  d i s t a n c e  between n e a r e s t  ne ighbour  ommatidia,  in  agreement with 
beh av io u ra l  s t u d i e s  (Buchner 1976). The o r i e n t a t i o n  of  the  r e c e p t o r  
l a t t i c e  means n e a r e s t  ne ighbours  do not  l i e  in  t h e  same h o r i z o n t a l  
p la ne .  However, w h i te  n o i s e  a n a l y s i s  (Marmare li s  and McCann 1973), 
and s t i m u l a t i o n  of s i n g l e  p a i r s  of p h o to r e c e p to r s  (R ie h le  and
F ra n c e s c h in i  1984),  s u g g e s t  t h a t  the  dominant i n t e r a c t i o n  i s  between 
more d i s t a n t  i n p u t s  l o c a t e d  in  t h e  same h o r i z o n t a l  p la ne .  The
argument i s  f u r t h e r  com pl ica ted  by ev idence  s u g g e s t in g  t h a t  f l i e s  
compute motion over  m u l t i p l e  sampl ing  d i s t a n c e s  (Buchner 1976, 
S r i n i v a s a n  and Dvorak 1980), as i s  i n f e r r e d  p s y c h o p h y s ic a l ly  f o r  
motion d e t e c t i o n  in  humans (Burr and Ross,  1982).  Given t h a t  f l y  
EMD’ s may adap t  i n d i v i d u a l l y ,  l o c a l  a d a p t a t i o n  of s e l e c t i v e  eye 
r e g i o n s  may al low us to  perform exper iments  t o  i s o l a t e  th e  p r o p e r t i e s
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of t h e s e  in p u t  channe ls .
A d a p ta t io n  i s  a s s o c i a t e d  w i th  the  appearance of an i n h i b i t o r y  
phase i n  H1 ' s r e s p o n s e  to  b r i e f  jumps ( f i g u r e  14).  T oge the r  w i th  the  
r e s t r i c t e d  locus  of a d a p t a t i o n ,  t h i s  f a c t  s u g g e s t s  t h a t  in c r e a s e d  
s t i m u l a t i o n  d ep re s s e s  t h e  s e n s i t i v i t y  of  EMD’ s or d e c r e a s e s  the  
ampli tude of  i n p u t s  to  H1 by s h u n t in g  i n d i v i d u a l  d e n d r i t e s .  I t  i s  
u n l i k e l y  t h a t  a d a p t a t i o n  i s  d r iv en  by th e  EMD o u tp u t s  themse lves  
because  the  a d a p t a t i o n  r a t e  s t i l l  depends on c o n t r a s t  f requency  when 
the  c o n t r a s t s  of s t i m u l i  a re  a d j u s t e d  to  g e n e ra te  equa l  i n i t i a l  
r e sponses  in  H1. Also,  a d a p t a t i o n  can proceed only  s low ly  even when 
low c o n t r a s t  f requency  s t i m u l i  of high (pho tom e t r ic )  c o n t r a s t  d r iv e  
the c e l l  to  high s p ik e  r a t e s .  Th is  o b s e r v a t i o n  s u g g e s t s  t h a t  the  
a d a p t a t i o n  mechanism i s  i n s e n s i t i v e  to  c o n t r a s t .  We propose t h a t  a 
p h as ic  pathway which i s  ga ted  by movement and r e a d i l y  s a t u r a t e d  by 
pho tom e t r i c  c o n t r a s t s  could be r e s p o n s i b l e  f o r  t h e  l o c a l  a d a p t a t i o n .
Up t o  t h i s  p o in t  we have jumped f r e e l y  between a d i s c u s s i o n  of 
t h e  r e s u l t s  i n  terms of v e l o c i t y  and of c o n t r a s t  f requency .  Th is  
apparen t  ambiguity  i s  p robab ly  not  un reasonab le  because  H1 views the 
wor ld th rough  a b a n d l im i te d  s p a t i a l  f i l t e r  (Zaagman e t  a l .  1978, 
Dvorak e t  a l . 1980, S r i n i v a s a n  and Dvorak 1980).  As the  r e t i n a l  image 
moves f a s t e r  th e  v i s i b l e  s p a t i a l  f r e q u e n c i e s  modula te f a s t e r ,  i . e .  the  
average c o n t r a s t  f requency  i n c r e a s e s .  As p o in t e d  out  by Buchner 
(1984) ,  i f  t h e  f l y  a l s o  has knowledge of o th e r  pa ram ete rs  such as th e  
d i s t a n c e  t o  o b j e c t s ,  then  a b s o l u t e  measures of c o n t r a s t  f requency  can 
be r e l a t e d  to  a b s o l u t e  v e l o c i t y .  However, one of t h e  e f f e c t s  of 
r e s p o n s e  a d a p t a t i o n  seems to  be t h a t ,  t o  a r e a s o n a b l e  approx im at ion ,
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the s i g n a l  seems to  be encoded as a p r o p o r t i o n  of  the mean o r ,  what we 
have c a l l e d  " v e l o c i t y  c o n t r a s t " .  S t r i c t l y  speak in g ,  s i n c e  the  coded 
s i g n a l  i s  c o n t r a s t  f r eq u en cy ,  the  term " v e l o c i t y  c o n t r a s t "  i s  not 
e n t i r e l y  a c c u r a t e  but  we propose  t o  s t i c k  t o  t h i s  term t o  avoid  us ing  
the  more a c c u r a t e  but  e x a s p e r a t i n g  term " c o n t r a s t - f r e q u e n c y  c o n t r a s t " .
A dap ta t ion  i n  o th e r  l o b u l a  p l a t e  neurons
P r e l i m in a ry  r e c o r d i n g s  from o the r  f l y  l o b u l a  p l a t e  neurons  
(Maddess unpub. o b s . ) ,  t e n t a t i v e l y  i d e n t i f i e d  as V1 c e l l s  (Hausen 
1981),  i n d i c a t e  t h e s e  neurons  show a d a p t a t i o n .  I f  the  a d a p t a t i o n  i s  
even p a r t i a l l y  dependent  on c o n t r a s t  f r equency ,  ano the r  way t o  t e s t  
f o r  a d a p t a t i o n  i s  to  examine CFR f u n c t i o n s  as i n  f i g u r e  1 3 . I n  
exper iments  on HS c e l l s ,  which code p r o g r e s s iv e  mot ion ( i . e .  f r o n t  t o  
back) i n  t h e  l o b u la  p l a t e ,  Hausen (1982) c o n s t r u c t e d  CFR cu rves  based 
on peak r e s p o n s es  and on r e s p o n s e s  a f t e r  1 s of s t im u lu s  mot ion.  The 
curves  a f t e r  1 s of s t im u lu s  show a s i m i l a r  p r o g r e s s i v e l y  g r e a t e r  
r e sp o n se  d e p re s s io n  a t  h ighe r  f r e q u e n c i e s ,  as  shown f o r  H1 in  f i g u r e  
13 (dashed c u r v e ) .  S in ce  Hausen’ s t e s t  t ime was s h o r t  t h e  e f f e c t  i s  
l e s s  marked but  n o n e t h e l e s s  s i g n i f i c a n t .
A d ap ta t io n  has a l s o  been seen (Maddess, unpub. o b s . )  i n  the  
v e l o c i t y  impulse  r e s p o n s e s  of l o b u l a  p l a t e  c e l l s  i n  th e  b u t t e r f l y  
P a p i l i o  a e g e u s . In the  same animal,  v e l o c i t y  r e s p o n s e  cu rves  and 
impulse  r e s p o n s e s  o b ta in e d  f o r  c e l l s  s e n s i t i v e  to  h o r i z o n t a l  motion,  
with  s e v e r a l  a d a p t in g  v e l o c i t i e s ,  i n d i c a t e  a more d ram a t ic  s h i f t  i n  
s e n s i t i v i t y  w i th  a d a p t a t i o n  than  in  H1 of L u c i l i a ,  when the  two a re
compared a t  t h e  same a d a p t in g  v e l o c i t y .
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The f u n c t i o n  of a d a p t a t i o n
The primary  q u e s t i o n  seems to  be why adap t  a t  a l l ?  Models of f l y  
f l i g h t  behaviour  employ a b s o l u t e  param ete rs  such  as t h e  f l y ’ s angular  
v e l o c i t y  ( e . g . ,  R e ich a rd t  and Poggio 1976, C o l l e t  and Land 1978) and 
th e s e  p a r a m e te r s ,  or o th e r  r e l e v a n t  a b s o l u t e s ,  a re  e x t r a c t a b l e  from 
the  f low f i e l d  d e s c r ib e d  by the  world c r o s s i n g  the  eye (Lee 1980, 
Wagner 1982).  However we have de termined  t h a t ,  i n  our exper im en ta l  
c o n d i t i o n s ,  the  paramete r  encoded by in p u t s  to  the  H1 i s  a s i g n a l  
r e l a t i v e  t o  th e  mean. In  s ay in g  t h i s  we do not  s u gges t  t h a t  
i n fo rm a t io n  on the  a b s o l u t e  s i g n a l  i s  thrown away w h o le s a le ,  bu t  
i n s t e a d  t h a t  th e  accu racy  of some c o n t r a s t  f r e q u e n c i e s ,  n o ta b ly  slower 
ones ,  i s  reduced f o r  more d e t a i l e d  encoding of f a s t e r  s i g n a l  
f r e q u e n c i e s  in  a f i x e d  r e s p o n s e  range .  There i s  no doubt t h a t  H1’ s 
re sponse  range i s  l i m i t e d  s i n c e ,  l i k e  a l l  s p ik in g  neurons ,  i t  can code 
no more than  a few hundred j u s t  d i s c r i m i n a b l e  r e s p o n s e  s t a t e s  per 
second ( G e s t r i , 1976).  C l e a r ly  w i th  such a l i m i t e d  r e s p o n s e  range  i t  
would be im p o ss ib l e  to  code,  w ith  any r e a s o n a b le  amount of temporal  
d e t a i l ,  the  4 decades  of v e l o c i t y  over which f l i e s  show b eh av io u ra l  
r e s p o n s e s  (McCann and M acG in i t ie ,  1965).  B ru c k s te in  e t  a l . (1983) 
have dem onst ra ted  t h a t  i n fo rm a t io n  encoded by a d a p t iv e  s p i k i n g  neurons 
i s  r e c o v e r a b l e  to  n ea r  i t s  o r i g i n a l  s t a t e  w i th  h igh  accu racy .  This  a 
r e s t a t e m e n t  of the n o t i o n ,  put  forward  by Barlow (1961) ,  t h a t  some 
in f o r m a t io n  i s  r e d u n d an t .
We have s u g g e s te d  a r e d u c t i o n  in  "accuracy"  of the s lowly  
f l u c t u a t i n g  s i g n a l  components as a s t r a t e g y  f o r  a d a p t a t i o n .  I f  a 
s i g n a l  which v a r i e s  i n  c o n t r a s t  w i th  t ime i s  sampled by a system with  
good bu t  f i n i t e  tempora l  r e s o l u t i o n ,  such  as an i n v e r t e b r a t e  
p h o to re c e p to r  ( see  f o r  example Howard e t  a l . 1984),  th en  s low ly
vary ing  s i g n a l s ,  i n  th e  j a r g o n  of sampl ing  t h e o ry ,  w i l l  be g r e a t l y
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oversampled.  T h i s  means slow s i g n a l  f l u c t u a t i o n s  w i l l  be more 
a c c u r a t e l y  encoded than  f a s t  ones .  I f  one reduces  the power of the 
b e s t  measured f r e q u e n c i e s ,  i . e .  t h e  slow ones ,  then  in f o rm a t io n  about  
t h o s e  f r e q u e n c i e s  w i l l  be reduced  but  not t o t a l l y  l o s t .  I d e a l l y  th e  
a t t e n u a t i o n  of slow s i g n a l s  shou ld  not  be so g r e a t  as to  a l low  them to  
be swamped by n o i s e .  Thus i f  needed,  t h e s e  slow s i g n a l s  w i l l  s t i l l  be 
a v a i l a b l e  t o  systems per forming temporal  summation. Th i s  i s  s imply an 
e x t e n s i o n ,  over a l l  s i g n a l  f r e q u e n c i e s ,  of  the id e a  t h a t  a c o n s ta n t  
b i a s  s i g n a l  cannot  be t o l e r a t e d  by c e l l s  with  a l i m i t e d  r e sp o n se  
r a n g e ,  and i s  s i m i l a r  t o  s t a t e g i e s  such as " p r e d i c t i v e  coding" 
( S r i n i v a s a n  e t  a l .  1982).
The s t im u lu s  pa ram ete rs  de te rm in ing  a d a p t a t i o n
The d i s c u s s i o n  above s u g g e s t s  no th ing  about  what shou ld  govern 
how q u ic k ly  one should  proceed from one a d a p t a t i o n  s t a t e  to  a n o t h e r .  
I f  one i s  concerned w i th  coding mot ion,  i t  i s  r e a s o n a b le  t o  su g g e s t  
t h a t  c e r t a i n  s t im u lu s  param ete rs  a v a i l a b l e  t o  H1 may be more 
i n d i c a t i v e  of  the need t o  adap t  t o  a new response  s t a t e  th an  o t h e r s .  
In  the  case of t h e  f l y  EMD's a sudden in c r e a s e  i n  the  average  c o n t r a s t  
f requency would be i n d i c a t i v e  of the need t o  adapt  s i n c e  i t  would 
l i k e l y  s i g n a l  an i n c r e a s e  in  v e l o c i t y .  Th is  comes about  because 
n a t u r a l  scenes  d i f f e r  l i t t l e  in  t h e i r  s p a t i a l  f requency  c o n t e n t  but  
r a t h e r  in  t h e i r  s p a t i a l  phase com pos i t ion ,  t o  which H1 i s  i n s e n s i t i v e  
( e . g .  Zaagman e t  a l . 1978).  By compar ison,  th e  EMD's shou ld  no t  take  
an average  i n c r e a s e  in  pho tom e t r i c  c o n t r a s t  as a r e a s o n  to  a l t e r  t h e i r  
temporal  r e s o l u t i o n  o f ,  or s e n s i t i v i t y  t o ,  changes of v e l o c i t y .  This  
i s  a r e a l  problem f o r  th e  f l y  because  th e  EMD's confound pho tom et r i c  
c o n t r a s t  and c o n t r a s t  f requency :  i n c r e a s e s  in  e i t h e r  parameter
in c r e a s e  s p ik e  r a t e s .  Thus we might expec t  c o n t r a s t  would not  be used
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as a cue f o r  a d a p t a t i o n  in  a motion s e n s i t i v e  system. A problem with 
t h i s  argument i s  t h a t  an i n c r e a s e  in  c o n t r a s t  f requency  w i l l  a l s o  
accompany s l i g h t  i n c r e a s e s  i n  the  average  d e t a i l  of t h e  world.  As 
mentioned e a r l i e r  i t  i s  p o s s i b l e  t h a t  with  knowledge of  the a b s o l u t e  
d i s t a n c e  to  o b j e c t s ,  t h e  f l y  could overcome t h i s  problem, however we 
have done no exper iments  to  t e s t  the e f f e c t  of viewing d i s t a n c e  on 
a d a p t a t i o n .  N o n e th e le s s  i s  i s  c l e a r  t h a t  c o n t r a s t  f requency  changes 
a r e  a b e t t e r  index of  v e l o c i t y  changes than a re  sudden i n c r e a s e s  in  
t h e  o v e r a l l  c o n t r a s t .
We a l s o  see  t h a t  a d a p t a t i o n  i s  accompanied by an i n c r e a s e  in  
tempora l  r e s o l v i n g  power ( i . e .  th e  a b i l i t y  to  d i s c r i m i n a t e  t h e  r a t e  a t  
which v e l o c i t y  ch an g e s ) ,  and a d e c re a se  in  the  t ime c o n s t a n t  of 
a d a p t a t i o n .  Th i s  i s  m a n i f e s t  by a narrower  impulse  r e s p o n s e  f u n c t i o n  
wi th  a s h a rp e r  i n h i b i t o r y  component ( f i g u r e  14).  In  the  l a r g e  
monopolar c e l l s  (LMC) of the f l y ,  a dec re ase  in  i n h i b i t o r y  t ime 
c o n s ta n t  c o r r e l a t e s  w i th  an improvement of s i g n a l - t o - n o i s e  r a t i o  in  a 
manner c o n s i s t e n t  w i th  p r e d i c t i v e  coding ( S r in iv a s a n  e t  a l . 1982).  
Th is  coding procedure  reduces  redundancy by e s t i m a t i n g  t h e  s ig n a l  
expec ted  a t  any t ime from the  c o r r e l a t i o n  i n h e r e n t  i n  th e  s i g n a l ,  and 
s u b t r a c t s  t h a t  e s t i m a t e  from th e  s i g n a l .  Like th e  i n h i b i t o r y  phase of 
the LMC impulse r e s p o n s e ,  t h a t  of H 1 's  impulse  r e s p o n s e  becomes sp read  
out  as the  ave rage  s t im u lu s  s t r e n g t h  i s  reduced ( i . e .  as average 
s i g n a l  s t r e n g t h  d e c r e a s e s ) ,  s u g g e s t i n g  t h a t  a d a p t a t i o n  reduces  
redundancy in  a manner s i m i l a r  to  p r e d i c t i v e  coding.  To s u b s t a n t i a t e  
the  p r e d i c t i v e  r o l e  of i n h i b i t i o n  one must d e f in e  th e  range  and 
p r o b a b i l i t y  d i s t r i b u t i o n  of n a t u r a l  v e l o c i t y  s i g n a l s  f o r  H1, but  t h i s  
e s s e n t i a l  d a t a  i s  not  ye t  a v a i l a b l e .
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Measures of s e n s i t i v i t y
Given t h a t  H1 ad ap t s  a t  d i f f e r e n t  r a t e s  to  s t i m u l i  of d i f f e r e n t  
tempora l  f r e q u e n c i e s ,  we f i n d  t h a t  measurements of s e n s i t i v i t y  or  time 
r e s o l u t i o n  a f t e r  a d a p t a t i o n  t o  s t i m u l i  of c o n t r a s t  f r e q u e n c i e s  above 
1-2 Hz, f o r  p e r io d s  s h o r t e r  than  20-30 s ,  do not  r e p r e s e n t  comparisons 
a t  the  same r e l a t i v e  a d a p t a t i o n  s t a t e .  T h e re fo re  ca re  shou ld  be taken  
to  ensu re  t h a t  measures of s e n s i t i v i t y  are performed i n  th e  same
a d a p t a t i o n  s t a t e ,  or t h a t  the  degree  of adap tedness  fo r  each
measurement i s  known. As shown by f i g u r e  13 t h e  r e s u l t s  of not  t a k i n g  
such p r e c a u t io n s  can be m i s l e a d in g .
Conclusions
Small f i e l d  u n i t s  p r e s y n a p t i c  t o  H1 adap t  acc o rd in g  t o  the  
s t r e n g t h  of t h e  ’m o t ion ’ or c o n t r a s t  f requency  s i g n a l .  Pure f l i c k e r  
i s  shown t o  be i n e f f e c t i v e  as an a d a p t in g  s t i m u l u s ,  i n d i c a t i n g  t h a t  
a d a p t a t i o n  occurs  d u r in g  or a f t e r  the  computa t ion of mot ion.  The
a d a p t a t i o n  s t r a t e g y  shows some of the c h a r a c t e r  of p r e d i c t i v e  coding 
( S r i n i v a s a n  e t  a l . ,  1982),  bu t  d i f f e r s  from t h a t  s t r a t e g y  in  a l low ing  
a p o r t i o n  of  the mean motion s i g n a l  to  p a s s .  Whatever the  s t r a t e g y  
i s ,  i t  o b v ious ly  a c t s  to  compress c o n t r a s t  f requency  in fo rm a t io n  by 
r educ ing  the  accuracy  of the oversampled f r e q u e n c i e s .  The
p r e s e r v a t i o n  of mean s i g n a l  component i n d i c a t e s  t h a t  th e  compression 
p r e s e rv e s  i n fo rm a t io n  about a l l  s i g n a l  s t a t e s ,  so  t h a t  none i s  
exc luded  in  the  a c t  of compression .  I f  t h e  f l y  i s  i n t e r e s t e d  in  
performing t a s k s  such as t r a c k i n g  o b j e c t s  in  f l i g h t  or u s ing  v i s u a l  
i n fo rm a t io n  t o  m a in ta in  co u r s e ,  the n  the  h igh f requency  in fo rm a t io n  
w i l l  se rve  the  animal b e s t  (B ru c k s te in ,  e t  a l . 1983), and t h i s  i s  b e s t  
p r e s e rv ed .  The g i a n t  neurons  of th e  lo b u l a  p l a t e  appea r  t o  media te  
f l i g h t  c o n t ro l  (Hausen 1981),  and given  the  common in p u t s  of a l l  t h e se
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c e l l s  ( S t r a u s f e l d  1984) , and the  p r e s y n a p t i c  n a t u r e  of  the  a d a p t a t i o n  
seen  i n  H1, i t  seems r e a s o n a b l e  to  propose r e sponse  a d a p t a t i o n  i s  a 
g en e ra l  f e a t u r e  of  a l l  t h e s e  c e l l s .  The l i m i t e d  in f o r m a t io n  c a p a c i t y  
of s p i k i n g  c e l l s  (G e s t r i  1976),  r e q u i r e s  some form of in fo rm a t io n  
compress ion.  Presumably slow but  wanted s i g n a l s  should  no t  be 
a t t e n u a t e d  t o  the  p o in t  where they  cannot  be d i s c r i m i n a t e d  from n o i s e ,  
but to  a p o in t  where th ey  can be d e t e c t e d  by e lements  downstream with  
a p p r o p r i a t e l y  long time c o n s t a n t s .
S ev e ra l  o th e r  id e as  a re  s uppo r ted  or r a i s e d  by t h i s  s tu d y .  An 
i n c r e a s e  in  temporal  r e s o l u t i o n  found f o r  a d a p t a t i o n  t o  f r e q u e n t l y  
a p p l i e d  v e l o c i t y  impulses  (Zaagman e t  a l . 1983),  i s  shown fo r
a d a p t a t i o n  to  c o n s t a n t  motion.  The f i n d i n g  t h a t  one param ete r ,  
amongst many coded by HI , can d i s p r o p o r t i o n a t e l y  a f f e c t  th e  r a t e  of 
a d a p t a t i o n  may have a p p l i c a t i o n  in  o th e r  systems which confound 
s e v e r a l  s i g n a l s ,  p a r t i c u l a r l y  mul t imodal  sys tems .  We propose  t h a t  
t h e  s t r o n g  e f f e c t  of c o n t r a s t  f requency  upon the  a d a p t a t i o n  s t u d i e d  
h e re ,  i s  a s t a t e g y  t o  govern the  speed a t  which new a d a p t a t i o n  s t a t e s  
a re  o b t a in e d ,  in  a neuron which could  o th e rw is e  r a d i c a l l y  change i t s  
s e n s i t i v i t y  t o ,  and temporal  r e s o l u t i o n  o f ,  motion cues on the  b a s i s  
of s i g n a l s  not  r e l a t e d  t o  mot ion.  The l o c a l  n a t u r e  of t h e  a d a p t a t i o n
seen in  H1 i m p l i c a t e s  a d a p t a t i o n  by the  EMDs, and has i n t r i g u i n g  
consequences  f o r  r e l a t i v e  mot ion s t u d i e s ,  and f o r  how H1 views flow 
f i e l d s ,  because  l o c a l i z e d  eye r e g io n s  would code l o c a l  v e l o c i t y
c o n t r a s t s .
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Summary
Two methods of d e te rm in ing  the  a d a p t a t i o n  of neurons i n  a r e a  17 
of the  c a t  s t r i a t e  c o r t e x  were used t o  see  i f  t h e  s t r e n g t h  of 
a d a p t a t i o n  a f t e r  a f i x e d  a d a p t in g  p e r io d  was r e l a t e d  t o  any p a r t i c u l a r  
pa ram ete r .  The pa ram e te rs  in c lu d ed  i n  the  a n a l y s i s  were: the  c e l l ’ s 
peak r e s p o n s e ,  the  s t im u lu s  c o n t r a s t ,  temporal  and s p a t i a l  f requency ,  
and t h e  s t im u lu s  v e l o c i t y .  The f i r s t  i n d i c a t o r  of a d a p t a t i o n  was the  
no rm al i sed  d e c l i n e  in  sp ik e  r a t e ,  or " adap t  inde x" ,  observed  fo r  
pro longed s t i m u l a t i o n  by moving s i n u s o i d a l  g r a t i n g s .  Analyses  of 
v a r i a n c e  of t h e se  d a t a  i n d i c a t e  t h a t  temporal  f requency  s e t s  the 
magnitude of re sponse  d e c l i n e  over  t h e  t e s t  p e r io d .  The second s e t  of 
exper iments  dem onst ra ted  t h a t  when temporal  f requency  cou ld  be shown 
to  de te rmine  th e  r a t e  of re sponse  d e c l in e  the  ga in  of th e  c e l l s ’ 
c o n t r a s t - r e s p o n s e  was a l s o  s e t  by tempora l  f requency .
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I n t r o d u c t i o n
The c a t  v i s u a l  co r t e x  c o n t a i n s  neurons  which a r e  o r i e n t a t i o n  
s p e c i f i c  and f r e q u e n t l y  d i r e c t i o n a l l y  s e l e c t i v e .  E a r ly  s t u d i e s  
d iv ided  t h e s e  c e l l s  i n t o  g en e ra l  c l a s s e s  termed "s imple  and "complex" 
(Hubei and Wiesel  1962).  The b a s i c  f e a t u r e s  demarking th e s e  c l a s s e s  
a r e  t h a t  the  r e c e p t i v e  f i e l d s  of s imple c e l l s  have d i s t i n c t  bands 
r e spond ing  v a r i o u s l y  to  b r i g h t e n i n g  (on ) ,  darkening  ( o f f ) ;  but  on and 
o f f  r e g io n s  a re  po o r ly ,  i f  a t  a l l ,  s e g re g a t e d  i n  complex c e l l s .  
Simple c e l l s  a re  a l s o  d i s t i n g u i s h a b l e  from complex c e l l s  in  t h a t  
s imple  c e l l s  tend  t o  g ive a modulated sp ike  d i s ch a rg e  t o  the  passage 
of s i n u s o i d a l  i n t e n s i t y  g r a t i n g s ,  i n d i c a t i n g  l i n e a r  summation over 
t h e i r  r e c e p t i v e  f i e l d s  (Movshon e t  a l . 1978a),  whereas complex c e l l s  
commonly produce unmodulated a c t i v i t y  i n  r e s p o n s e  t o  t h e  same s t i m u l i ,  
and so e x h i b i t  s t r o n g  n o n l i n e a r  s p a t i a l  summation (Movshon e t  al  
1978b). Also ,  complex c e l l s ,  i n  t h e  main,  respond  more b r i s k l y  and 
have a spontaneous  d i s c h a r g e .
I t  i s  a l s o  widely  r e c o g n i s e d  t h a t  Hubei and W ie se l ’ s
"hypercomplex" c l a s s i f i c a t i o n  can be d iv id ed  i n t o  two c l a s s e s  (Bishop 
and Henry 1972, Dreher 1972, Henry 1977) i n  which c e l l s  resemblimg 
both t h e  simple and complex c l a s s e s  a l so  have t h e  "hypercomplex" 
p r o p e r ty  of  " e n d - s to p p in g " :  a s t r o n g  f l a n k i n g  i n h i b i t i o n  ge n e ra te d  by 
e lo n g a te d  s t i m u l i .  Recent  schemes a l s o  r e c o g n i s e  the  d i f f e r i n g  in p u t s  
t o  some c l a s s e s  of s imple  and complex c e l l s  from the  l a t e r a l  
g e n i c u l a t e  nuc leus  (LGN). In  p a r t i c u l a r ,  bo th  simple (S inge r  e t  a l . 
1975, Mustari  et  a l . 1982) and complex c e l l s  (Henry e t  a l . 1983)
appear  to  be d i v i s i b l e  i n t o  groups d r iven  by the  b r i s k  t r a n s i e n t  (BT) 
and b r i s k  s u s t a i n e d  (BS) u n i t s  of the LGN (C le land  e t  a l . 1971,
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Hoffmann e t  a l . 1972).
In a d d i t i o n  t o  be ing  tuned  fo r  p a r t i c u l a r  s t im u lu s  o r i e n t a t i o n s  
c o r t i c a l  c e l l s  can give d i r e c t i o n a l l y  s e l e c t i v e  r e s p o n s e s  t o  moving 
o b j e c t s .  Complex c e l l s  in  g en e ra l  p r e f e r  motion t o  f l i c k e r  ( e . g .  
Goodwin and Henry 1975, Goodwin e t  a l .  1975) ) ,  and i n  t h i s  and o the r  
r e s p e c t s  they  a r e  s i m i l a r  t o  neurons in  th e  l o b u l a  p l a t e  of  the f l i e s ’ 
o p t i c  lobe .  The b e s t  s t u d i e d  of t h e s e  f l y  neurons  i s  c a l l e d  H1. H1 
i s  a wide f i e l d  neuron which g ives  unmodulated and d i r e c t i o n a l l y  
s e l e c t i v e  s p ik e  d i s c h a rg e  t o  moving g r a t i n g s .  Like H1 ( S r i n i v a s a n  and 
Dvorak 1980),  the  s p a t i a l  f requency  tu n in g  of  complex c e l l s  seems to  
be de termined  by s u b u n i t s  (Movshon e t  a l .  1978b). The mechanism 
behind the  d i r e c t i o n a l  s e l e c t i v i t y  of complex c e l l s  i s  not yet  
unders tood .  While t h e r e  i s  ev idence  of a f a c i l i t a t o r y  mechanism 
between complex c e l l  s u b u n i t s  (Movshon e t  a l . 1978b), d i r e c t i o n a l l y  
s e l e c t i v e  r e s p o n s e s  can be o b ta in e d  by s t i m u l i  conf ined  t o  r e g io n s  as 
smal l  as a few p h o to r e c e p to r s  a c ro s s  (Goodwin and Henry 1975),  and so 
much s m a l l e r  th a n  the  p u t a t i v e  complex c e l l  s u b u n i t s .  I o n t o p h o r e t i c  
a p p l i c a t i o n  of  the GABA b l o c k e r ,  b i c u c u l l i n e ,  does not  remove the
3.
d i r e c t i o n a l  s e l e c t i v i t y  of some complex c e l l s  ( S i l l i t o  1975, 1979), 
s u g g e s t i n g  e i t h e r  an e x c i t a t o r y  i n t e r a c t i o n  of s u b u n i t s ,  or g e n e r a t i o n  
of d i r e c t i o n a l  s i g n a l s  b e fo re  fo rm a t io n  of complex c e l l  r e c e p t i v e  
f i e l d s  o c c u r s .  The l a t t e r  c o n d i t i o n  i s  the  case  f o r  H1 (Mastebroek e t  
a l . 1980).  I t  has a l s o  been s u g g e s te d  t h a t  the  d i r e c t i o n a l
s e l e c t i v i t y  of s imple c e l l s  a r i s e s  from t h e  s u p e r p o s i t i o n  of rows of 
r a d i a l l y  s e l e c t i v e  LGN r e c e p t i v e  f i e l d s  (Goodwin e t  a l . 1975).
Daugman (1 980,1 9811) s u g g e s t s  t h a t  i t  may not  be p o s s i b l e  to  g en e ra te  
s imple c e l l  r e c e p t i v e  f i e l d s  from rows of LGN c e l l s ,  however summing 
s t r i p s  of hexagona l ly  packed LGN c e l l s  may avo id  t h e s e  o b j e c t i o n s .
Chapter  I I Page 72
R e c e n t ly ,  c o r t i c a l  c e l l s  in  a rea  17 of th e  ca t  v i s u a l  c o r t e x  have 
been shown t o  adap t  (Ohzawa e t  a l . 1982),  and the  s u g g e s t i o n  has been 
made t h a t  c o n t r a s t  i s  the  paramete r  c o n t r o l l i n g  th e  a d a p t a t i o n  
(A lb rech t  e t  a l . 1984).  Response a d a p t a t i o n  has a l s o  been observed  in  
t h e  H1 neuron of t h e  f l y ,  and i t s  r e c e p t i v e  f i e l d  s u b u n i t s  adapt  
in d e p e n d e n t ly  (Maddess and Laugh l in  1985, Chapter  1) ,  where the  r a t e  
of a d a p t a t i o n  i s  governed by th e  tempora l  f r equency  of moving 
g r a t i n g s ,  r a t h e r  than  c o n t r a s t  or o th e r  p a r a m e te r s .  C on tro l  over the  
r a t e  of a d a p t a t i o n  means t h a t  low temporal  f r e q u e n c i e s  adap t  H1 
c o n s id e r a b ly  l e s s  than do h ighe r  f r e q u e n c i e s  over a g iven t ime p e r io d ,  
r e g a r d l e s s  of th e  c e l l ’ s r e s p o n s e .  In humans t h e  s t r e n g t h  of the  
m o t i o n - a f t e r - e f f e c t , su g g e s te d  as the p sychophys ica l  c o r r e l a t e  of 
c o r t i c a l  c e l l  a d a p t a t i o n  (Maffei  1973),  depends on th e  temporal  
f requency  of  moving s i n u s o i d a l  g r a t i n g s  ( P a n t l e  1974).  Given the  
s i m i l a r i t i e s  between complex c e l l s  and H1, and the  psychophys ica l  
d a t a ,  i t  was dec ided  t o  s tu d y  whether the  a d a p t a t i o n  r a t e  of  complex
c e l l s  was c o n t r o l l e d  as i t  i s  i n  H1.
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Methods
P r e p a r a t i o n
The f o l l o w in g  i s  an overview of more d e t a i l e d  accoun ts  e lsewhere  
( e . g .  B u l l i e r  and Henry 1979).  Cats  were i n i t i a l l y  a n a e s t h e t i z e d  with  
in t r a m u s c u la r  i n j e c t i o n  of an a n e s t h e t i c  ( K e ta l a r )  f o r  p r e p a r a t o r y  
s u rg e ry .  Surgery  invo lved  i n s e r t i n g  t r a c h e a l  and venous ( forearm)  
c a n u l i ,  and a b i l a t e r a l  sympathectomy was done t o  reduce eye 
movements. I n j e c t i o n  of a l o n g - l a s t i n g  l o c a l  a n e s t h e t i c  (Marcaine) 
accompanied s u r g e r y .  A f te r  the  i n i t i a l  s u rge ry  the  c a t  was mounted in  
a s t e r e o t a x i c  a p a r a t u s .  From t h i s  t ime forward th e  ca t  was
i n t r a v e n o u s l y  in fu s e d  w i th  a smal l  amount of a n e s t h e t i c  (Nembutal,
- 1 - 1  - 1 - 1  1.2 mg kg hr  ) ,  and p a r a l y t i c s  ( F l e x a d i l ,  16 mg kg hr  ;
T uba r ine ,  1.6 mg kg ' hr  1 ) ,  and was a r t i f i c i a l l y  r e s p i r a t e d  w i th  70$
n i t r o u s  oxide and 30$ oxygen. R e s p i r a t o r y  r a t e  and volume were
adj us ted t o m a in ta in  a C09 c o n te n t  of 3.8 t o  4 .2$. A small  opening
was made i n the  cranium and u s u a l l y the dura was opened t o  al low
a cc es s  t o  t u n g s t e n - i n - g l a s s  e l e c t r o d e s  ( M e r r i l l  and Ainsworth 1972).  
Dental  cement (Scu tan)  was used t o  f i x  a s t a i n l e s s  s t e e l  r i n g  t o  the  
s k u l l .  A f t e r  i n t r o d u c i n g  th e  e l e c t r o d e  the  c r a n i l a  ho le  was s e a l e d  
with  s e v e r a l  m i l l i m e t e r s  of s a l i n e  based a g a r ,  and l a t e r  the  
su r ro u n d in g  s t e e l  r i n g  was topped up with  wax (50$ d e n t a l  im press ion  
wax and 50$ bee wax) t o  reduce  b r a i n  p u l s a t i o n  agg rava ted  by d u ra l  
r e m o v a l .
P l a s t i c  c o n t a c t  l e n s e s  p r o t e c t e d  th e  c a t ’ s eyes ,  and 
accommodating l e n s e s  were used to  c o r r e c t  th e  c a t ’ s viewing d i s t a n c e  
t o  57cm. The p o s i t i o n s  of the a r e a  c e n t r a l i  and o p t i c  d i s c s  were 
determined us ing  an i n d i r e c t  ophtha lmoscope.  The ophthalmoscope was
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th en  used to  c e n t r e  3mm diamete r  a r t i f i c i a l  p u p i l s  on the  v i s u a l  axes .  
When e x p l o r i n g  f o r  c e l l s  a m i r ro r  was p laced  in  the  c a t s  l i n e  of 
v i s i o n  to  al low p r e s e n t a t i o n  of hand-held  b a r s ,  edges and g r a t i n g s  on 
a h o r i z o n t a l  s u r f a c e  t o  al low an i n i t i a l  c h a r a c t e r i z a t i o n  of  a c e l l .  
This  c h a r a c t e r i s a t i o n  inc luded :  a s s e s s i n g  the  e x t e n t  of t h e  r e c e p t i v e  
f i e l d ,  and i t s  r e l a t i o n  t o  the  a re a  c e n t r a l i s ,  whether th e  c e l l  was 
s imple  or complex, i t s  o c c u la r  dominance and o r i e n t a t i o n  s e l e c t i v i t y .  
C e l l s  showing end -s topped  c h a r a c t e r  were not  i n v e s t i g a t e d .
Recording and s t im u lu s  g e n e r a t i o n
E x t r a c e l l u l a r  p o t e n t i a l s  were a m p l i f i e d  and conve r ted  t o  0.5ms 
p u l s e s  by s t a n d a r d  p ro ced u res .  Data was r e c o rd e d  in  h is tog ram  form 
and the  sample t ime was the CRT r e f r e s h  pe r io d  of 6.5ms. Visua l  
s t i m u l i  were p r e s e n te d  on a c a th o d e - r a y  o s c i l l o s c o p e  (CRT) (Hewle t t -
- p
Packard 1332a) with  a mean luminance  of 70 cd m , and t h e  CRT face  
was 57cm from the eye .  In t h i s  paper when the  CRT face  i s  d e s c r ib e d  
as blank i t  w i l l  be unders tood  to  mean the  CRT d i s p l a y e d  a uniform 
f i e l d  a t  th e  mean luminance .  S t im u l i  were g en e ra ted  by a p r e v io u s l y  
d e s c r ib e d  (Dvorak e t  a l . 1980),  ho m e -b u i l t  d i s p l a y  d r i v e r  under the
c o n t ro l  of an o n l i n e  computer ( D i g i t a l  E l e c t r o n i c s  Company LSI-11-03) ,  
which a l s o  sampled the  sp ike  d a t a .
Ce l l  c h a r a c t e r i s a t i o n
To in s u r e  t h a t  the  CRT was i n  the  c o r r e c t  o r i e n t a t i o n ,  hand -he ld  
l i n e s  or edges were p r e s e n t e d  on the  u n l i t  CRT f a c e ,  and t h e  optimum 
o r i e n t a t i o n  was determined  by l i s t e n i n g  t o  the  sp ik e  d i s c h a rg e  on an 
aud io  m on i to r .  For d i f f i c u l t  c e l l s  t h e  CRT’ s o r i e n t a t i o n  was v a r i e d  
while  a g r a t i n g  moved t o - a n d - f r o  on the  CRT u n t i l  the optimum
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o r i e n t a t i o n  was a t t a i n e d ,  a g a in  judged  by e a r .
A f t e r  i n i t i a l  c h a r a c t e r i z a t i o n  by hand-he ld  s t i m u l i  (Bishop and 
Henry 1972) th e  s p a t i a l  f requency  tu n in g  of the c e l l  was determined 
f o r  a 2-4 tempora l  f r e q u e n c i e s  and grades  of c o n t r a s t .  In  g e n e r a l ,  
the p r e l i m i n a r y  c h a r a c t e r i s a t i o n  i n d i c a t e d  the  approx imate range of 
both  t h e s e  pa ram e te r s .  S i n u s o id a l  g r a t i n g s  having app rox im ate ly  
(jjlO$) lo g - e q u a l  inc rements  of s p a t i a l  f requency  were p r e s e n te d  i n  a 
randomised o r d e r ,  and t h e  r e s p o n s e  t o  s e v e r a l  motion phases  were 
averaged t o  judge  the  r e l a t i v e  r e sp o n se  of  a c e l l .  G ra t in g s  moved f o r  
1/4 of t h e  t r i a l  t ime which was u s u a l l y  4 or 6 s .  Two re sponse  
measures were taken ;  the peak sp ik e  r a t e ,  taken  as the peak fo l l o w in g  
a 16 - p o i n t  runn ing  mean, and the  ave rage  s p ik e  r a t e .  I n i t i a l l y ,  the  
g r a t i n g s  c o a r s e l y  covered  the  ca t  s p a t i a l  f requency  passband,  but  in  
subsequen t  t r i a l s  t h e  range  of s p a t i a l  f r e q u e n c i e s  was narrowed,  and 
the number of t r i a l s  i n c r e a s e d ,  t o  a c c u r a t e l y  de te rm ine  the  c e l l ’ s 
t u n i n g .
The c e l l ' s  r e c e p t i v e  f i e l d  was determined  w i th  moving dark and 
b r i g h t  l i n e s .  The l i n e s  were u s u a l l y  0 .2 °  wide,  and moved a t  e i t h e r  
3.9 or 7 . 7 °  per  second,  and had c o n t r a s t  +0.8 where c o n t r a s t  i s  
d e f ine d  as:
Contras  t= ( I - I j / L  (1)o b b
I Q i s  the l i n e  i n t e n s i t y  and 1^ the background i n t e n s i t y .  G ra t ing  
c o n t r a s t  was computed as the Rayle igh  c o n t r a s t  which i s  the same as 
(1)  i f  1^ i s  t a ken  to  be t h e  mean i n t e n s i t y  and I th e  g r a t i n g ’ s
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am pl i tude .  At f i r s t  32 t r i a l s  each c o n t a in in g  forward and backward 
mot ion  of b r i g h t  and dark bars  were ave raged ,  bu t  f r e q u e n t l y  more 
av e ra g es ,  up t o  256, were o b ta in e d  l a t e r  in  the  exper im en t .  These 
r e c e p t i v e  f i e l d  h is tog ram s  were th e n  smoothed e i t h e r  by one or  two 
t h r e e - p o i n t  runn ing  means, or by a Guassian i n t e r p o l a t i o n  scheme 
d e s c r ib e d  e a r l i e r  (see  Chapter  4 Methods) where t h e  i n t e r p o l a t i o n  
i n t e r v a l  was 2 or 4 sample b ins  wide.
Experiments
A conspicuous  f e a t u r e  of  c o r t i c a l  c e l l  r e sponses  i s  t h a t  t h e i r  
r e s p o n s e s  to  co n t in u o u s ly  p re s e n te d  s t i m u l i  o f t e n  d e c l i n e  over a few 
seconds .  The change in  s e n s i t i v i t y  im pl ied  by t h i s  d e c l i n e  w i l l  be 
d i s c u s s e d  in  more d e t a i l  l a t e r .  The f i r s t  s e t  of exper im en ts
determined whether the  r e s p o n s e  d e c l i n e  v a r i e d  as a f u n c t i o n  of  peak 
r e s p o n s e ,  s t im u lu s  c o n t r a s t ,  angu la r  v e l o c i t y ,  temporal  f r e q u e n c y ,  
wavelength ,  or some combinat ion t h e r e o f .  In  agreement w i th  A lb re c h t  
e t  a l . (1984) i t  was found t h a t  t h e  re sponse  d e c l in e  could  not  be 
f i t t e d  by any s im ple  f u n c t i o n .  The re fo re  th o s e  a u t h o r s ’ a d a p t a t i o n  
index was used as a measure of th e  magnitude of r e sponse  d e c l i n e ,  i . e .  
the r a t i o  of the i n i t i a l  response  on the  f i n a l  r e s p o n s e  w i th  the  
background re s p o n s e  f i r s t  s u b t r a c t e d  form both  q u a n t i t i e s .  I n  a l l  
t h e s e  exper iments  the ad ap t in g  g r a t i n g  was p r e s e n t e d  f o r  6 .7  s out  of 
23 s .  During th e  remain ing p e r io d  t h e  CRT was blank .  A f u l l  s e t  of 
exper iments  of t h i s  type r e q u i r e d  a t  l e a s t  10 hr  r e c o r d i n g  t ime f o r  
each c e l l .
I n i t i a l l y ,  b locks  of 8 or 16 32 s t r i a l s  were averaged  i n  an
a t tem p t  time f i n d  a p a i r  of temporal  f r e q u e n c i e s  where,  f o r  t h e  same 
c o n t r a s t  and near  the  same peak r e s p o n s e ,  th e  r e s p o n s e  d e c l i n e  was
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g r e a t e r  f o r  th e  h ighe r  f r e q u e n c y .  Even wi th  8 or 16 t r i a l s  re sponses  
were o f t e n  s u f f i c i e n t l y  no isy  t h a t  i t  was d i f f i c u l t  t o  ju dge  t h i s  
a c c u r a t e l y  but  i t  was u s u a l l y  p o s s i b l e  t o  judge  the  a p p r o p r i a t e  range 
of f r e q u e n c i e s  w i th in  6-10 a t t e m p t s .  Having found what was judged  to  
be a s u i t a b l e  temporal  f requency  range the  number of param ete rs  t e s t e d  
was g r a d u a l ly  expanded. Again,  b locks  of 8 or 16 t r i a l s  were used,  
and b locks  f o r  a m a t r ix  of t e s t  c o n d i t i o n s  were accumula ted .  This  
m a t r ix  t y p i c a l l y  invo lved  two or t h r e e  temporal  f r e q u e n c i e s  and t h r e e  
c o n t r a s t s .  The t h r e e  c o n t r a s t s  were always an oc tave  a p a r t  and the  
middle c o n t r a s t  was u s u a l l y  a b l e  to  produce b e t t e r  tha n  a h a l f  maximal 
r e s p o n s e .  Once 24-32 t r i a l s  had been o b ta in e d  f o r  t h e s e  s t im u lu s  
c o n d i t i o n s ,  t r i a l s  were begun with  two o th e r  s p a t i a l  f r e q u e n c i e s ,  an 
oc tave  h ighe r  and low er ,  in  an a t tem pt  t o  see  i f  v e l o c i t y  or temporal  
f requency  was a more im por tan t  de te rm inan t  of re sponse  d e c l i n e .  The 
s p a t i a l  f requency  bandwidth of  some c e l l s  did  not  pe rm i t  the  use of 
both h ighe r  and lower f requency  g r a t i n g s .  I n  some c e l l s  r a t h e r  than  a 
range of  c o n t r a s t s  more temporal  f r e q u e n c i e s  were t e s t e d .  This  
l eng thy  procedure  (10 h r )  meant t h a t  of 52 c e l l s  where s p a t i a l  and 
temporal  f requency  tu n i n g ,  and r e c e p t i v e  f i e l d  type were de te rmined ,  
t h e  f u l l  range  of exper im en ts  were completed i n  only 7 c e l l s ,  and 
c o n t r a s t  runs  only i n  19.
Trends i n  t h e s e  d a t a  were ana lysed  by c a l c u l a t i n g  th e  "dev iance"  
from l i n e a r  models v ia  th e  d a t a  a n a l y s i s  package GLIM ( c o p y r ig h t :  
Royal S t a t i s t i c a l  S o c i e t y ,  Oxford,  U.K).  The dev iance from the  l i n e a r  
models ,  and a p p r o p r i a t e  degrees  of freedom, were be used to  perform 
an a ly se s  of v a r i a n c e ,  t o  t e s t  the r e l a t i v e  m e r i t s  of d i f f e r e n t  l i n e a r  
models.  Th is  was p o s s i b l e  because ,  with  Normal e r r o r ,  t h i s  a l g o r i t h i m  
al lows exac t  computa t ion  of F s t a t i s t i c s .  The o b j e c t  of the t e s t s  was
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to  f i n d  the  model with  the  few es t  pa ra m e te r s ,  which could  e x p l a i n  the  
s y s t e m a t i c  v a r i a t i o n  i n  th e  d a t a .
The r e l a t i v e  complexity  of the  s t a n d a r d  l i n e a r  models  can be
judged by t h e  number of f i t t e d  e s t i m a t e s  r e q u i r e d  f o r  each  ty pe  of
model used.  For m u l t i p l i c a t i v e  models  (a*b, where a and b a r e  any
index ,  i . e .  s t im u lu s  paramete r  in  t h i s  c a s e ) ,  a d d i t i v e  models  (a+b),
and s i n g l e  param eter  models (a) (b) ,  the  number of f i t t e d  e s t i m a t e s
2a r e  r e s p e c t i v e l y ,  1+2N+N , 1+2N, and 1+N, where N i s  the  number of 
i n d i c e s  of t h e  two model p a r a m e te r s .  When t h e  r e l a t i v e  a b i l i t y  of th e  
temporal  f requency and v e l o c i t y  of  the s t i m u l i  to  account  fo r  
s y s t e m a t i c  v a r i a b i l i t y  was de te rm ined ,  th e  number of f r e q u e n c i e s  and 
speeds was each 9 (N=9). Thus,  i t  i s  not s u p r i s i n g  t h a t  a model l i k e  
(a*b) having 100 f i t t e d  param ete rs  could f i t  the d a t a  b e t t e r  than  a 
model of 9 p a r a m e te r s ,  . e . g .  (a)  o n ly .  On th e  o th e r  hand i f  (a) i s  as 
good as (a*b) or (a+b),  but b e t t e r  than (b) a lone  a t  a c c o u n t in g  f o r  
s y s t e m a t i c  v a r i a t i o n  of the d a t a ,  t h i s  i s  a s t r o n g  argument f o r  (a) 
be ing the  causa l  s t i m u l u s .
The second s e t  of exper iments  a t tem pted  t o  a s s e s s  the  r e l a t i v e  
a d a p t iv e  power of the  p r e f e r r e d  g r a t i n g  moved a t  h igh  and low angu la r  
v e l o c i t i e s .  T r i a l s  in  t h e s e  expe r im en t s '  s i x  p hases ,  where the  o rde r  
of p r e s e n t a t i o n s  was t h e  tw ice  r e p e a t e d  sequence :  a 20s b lank  p e r io d ,  
a 6 .7s  ad ap t in g  phase,  a t e s t  phase of 0 .8  or 1 . 6 s .  The f i r s t  and 
second a d ap t in g  phases  c o n ta in ed  e i t h e r  a g r a t i n g  moving a t  a 
d i f f e r e n t  speed in  each,  or a g r a t i n g  in  one phase and a b lank CRT in 
th e  second.  The t e s t  phases  c o n ta in e d  the  g r a t i n g  a t  d i f f e r e n t  grades  
of c o n t r a s t .  The t e s t  c o n t r a s t s  were p r e s e n t e d  i n  a randomised o r d e r ,  
and a whole sequence f o r  7 “8 t e s t  c o n t r a s t s ,  was r e p e a t e d  4 or  8 t imes
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b e fo re  th e  a d a p t in g  c o n d i t i o n s  were a l t e r e d .  I n  t h i s  way th e  c o n t r a s t  
r e sp o n se  was de termined  fo r  a v a r i e t y  of a d ap t in g  c o n d i t i o n s ,  the  
i n t e r l e a v i n g  p rocedure  t e n d in g  to  ave rage  out  r e sp o n se  f l u c t u a t i o n s  of 
the c e l l s .
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Sample re s p o n s es  of a l a y e r  4b C - c e l l  to  a range  of  s t im u lu s  
v e l o c i t i e s  and c o n t r a s t s ;  h is togram b in  widths  a re  6.5 ms and t r a c e s  
were f i l t e r e d  as d e s c r ib e d  in  Methods,  w i th  a c u t o f f  f requency  of  112 
c y c l e s  per  h is togram l e n g t h .  The d a t a  i n  t h e  l e f t - h a n d  and r i g h t - h a n d  
v e r t i c a l  columns were measured a t  2.4 Hz and 9 .6  Hz r e s p e c t i v e l y .  The 
s p a t i a l  f requency  fo r  ( a , b )  was 0.16  c y c l e s  per d eg ree ,  fo r  ( i , j )  0 .63 
cyc le s  per  degree ,  and the  remain ing  t r a c e s  (c -h)  were o b t a in e d  w i th  
0.31 c y c l e s  per  degree .  The t h r e e  rows,  ( c , d ) ,  ( e , f ) ,  ( g , h ) ,  were 
measured a t  c o n t r a s t s  0 .2 ,  0 .4 ,  and 0.8  r e s p e c t i v e l y .  The c o n t r a s t  of 
t h e  low and high f requency  g r a t i n g s  was 0 .4 .  The s t im u lu s  f o r  t r a c e  
( f i g u r e  2k) was the 0.31 c y c l e  per  degree  g r a t i n g  moved t o  produce the  
i n t e r m e d i a t e  temporal  f requency  of 4.82 Hz. T races  (a)  and (b) seem 
to  i n d i c a t e  t h a t  v e l o c i t y  de te rm ines  the a d a p t - in d e x  s in c e  th e  s t i m u l i  
f o r  t h e s e  r e s p o n s e s  moved f a s t e r  th a n  t h e i r  c o u n t e r p a r t s  i n  t h e  l e f t  
and r i g h t  columns.  By c o n t r a s t ,  t r a c e  (j ) i s  moving a t  the  same speed 
as t r a c e  ( f i g u r e  2k) and ye t  a d a p t s  more q u i c k ly ,  i n d i c a t i n g  tempora l  






















Chapter  I I
F ig u re  2
Normalised v e r s io n s  of f i g u r e 1, o r d i n a t e  markers  i n d i c a t e  20
impulses  per  second,  and a b s i s s a markers  5 s .  These normal ised
re sponses  suppor t  the  n o t i o n  t h a t the  r e l a t i v e  a d a p t a t i o n  r a t e  i s
independent  of c o n t r a s t  and i n i t i a l s p ik e  r a t e .  Zero impulses  per
second i s  not i n d i c a t e d  because th e  a d a p t - in d e x  was computed by 
s u b t r a c t i n g  the  background d i s c h a rg e  from bo th  i n i t i a l  and f i n a l  s p ik e  
r a t e s .  Traces  a re  the  averages  of re s p o n s es  o b ta in e d  i n  i n t e r l e a v e d  
blocks  of 8 or 16 r e p e t i t i o n s ,  and b locks  were i n t e r l e a v e d  in  a 
randomised p a t t e r n .  The average  number of r e p e t i t i o n s  f o r  each t r a c e  
was 52; more r e p e t i t i o n s  were o b t a in e d  f o r  weaker s t i m u l i .
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Normalised re sponses f  rom a C - c e l l found on the  l a y e r  2/3a
boundary ., The v e r t i c a l columns headed by ( a , b , c )  co r respond  to
temporal f r e q u e n c i e s  of 1. 2 Hz, 2 .4 Hz, and 4.8 Hz. From top  t o
bo t tom , the  g r a t i n g s  used fo r d a t a in th e  h o r i z o n t a l  rows had
c o n t r a s t s  (C) and s p a t i a l  f r e q u e n c i e s  (SF) as f o l l o w s :  top row ( a , e , j )  
C=.4, SF=.31 cy c l e s  per  degree ;  f o r  t h e  middle t h r e e  rows (d) t o  (1) 
SF=.62 and C=. 1 , .2 and .4 fo r  ( d , e , f ) ,  ( g , h , i )  and ( j , k , l )
r e s p e c t i v e l y .  The ave rage  number of t r i a l s  was 49,  t h e  o r d i n a t e  marks 
deno te  20 impulses per  s ,  and a b s c i s s a  markers  5 s .  I f  v e l o c i t y  
de termined  the  ad ap t  index the n  r a t h e r  th a n  t r a c e s  w i th in  a column 
lo o k in g  a l i k e :  (a)  and (n) would look l i k e  ( e , h , k ) ;  (b)  would look 
l i k e  ( f , i , l ) ;  and (m) would look l i k e  ( d , g , j ) .  As wi th  f i g u r e  1 t h e r e
i s  some ambiguity .
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R es u l t s
Response d e c l i n e  and peak r e s p o n s e
In  the  c e l l s  s t u d i e d  the  degree  of  r e sponse  d e c l i n e  was not  
c o r r e l a t e d  w i th  i n c r e a s e d  peak r e s p o n s e .  I n s t e a d ,  f a s t e r  d e c l in e s  
were o b t a in e d  a t  h ighe r  g r a t i n g  v e l o c i t i e s  and temporal  f r e q u e n c i e s  as 
shown in  t h e  r e s p o n s es  of th e  c e l l  i n  f i g u r e  1. The l e f t  and r i g h t  
columns of f i g u r e  1 show res p o n s es  to  a low and a h igh temporal  
f requency  r e s p e c t i v e l y .  The middle  t h r e e  t r a c e s  i n  each column were 
produced by th e  p r e f e r r e d  s p a t i a l  f requency  a t  t h r e e  o c taves  of 
c o n t r a s t .  The upper and lower two t r a c e s  i n  each column were measured 
a t  s p a t i a l  f r e q u e n c i e s  r e s p e c t i v e l y  an oc tave  lower and h ig h e r  than  
the  o p t i m a l .  C l e a r l y ,  the  r e sp o n se  d e c l i n e s  p r o p o r t i o n a t e l y  more a t  
the  h ig h e r  temporal  f requency .  This  p r o p o r t i o n a l  d e c l i n e  i s  b e t t e r  
seen when th e  r e s p o n s es  a re  n o rm al i sed  ( f i g u r e  2 ) .  In  p a r t i c u l a r ,  the  
e n i t i a l  r e s p o n s e s  t o  some of th e  h ig h e r  temporal  f requency  c o n d i t i o n s  
( f i g u r e  1 f , g , i , j )  a r e  s m a l l e r  than  th o s e  t e s t e d  a t  the  lower f requency  
( f i g u r e  1c , d ) .  S i m i l a r  r e s u l t s  a r e  s een  i n  f i g u r e  3 f o r  a no the r  c e l l ,  
f i g u r e  4 summarises r e l a t i o n s h i p  between i n i t i a l  r e sponse  and r e s p o n s e  
d e c l i n e .  I f  re sponse  d e c l in e  depended on i n i t i a l  r e s p o n s e  r a t e s  then  
the  p o i n t s  i n  f i g u r e  4 shou ld  l i e  along a l i n e  th rough  the  o r i g i n .  In 
f a c t  the  p o i n t s  from any given c e l l  tend  to  be d i s t r i b u t e d  along a 
v e r t i c a l  band i n d i c a t i n g  no c o r r e l a t i o n  between i n i t i a l  r a t e s  and 
a d a p t - in d e x  (Methods).  P o i n t s  from some c e l l s  a re  p l o t t e d  with  
s p e c i a l  symbols to  i n d i c a t e  the  range  of  behav iours  observed .
Adapt-index and c o n t r a s t
The in f e r e n c e  has been made t h a t  c o r t i c a l  c e l l  a d a p t a t i o n  i s  t i e d  
t o  the  c o n t r a s t  of moving g r a t i n g s  (A lb re c h t  e t  a l .  1984). At l e a s t
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A s c a t t e r  p lo t  of a d a p t - in d e x  from 14 c e l l s  a g a i n s t  peak s p ik e  
r a t e .  The s imple  e x p e c t a t i o n  i s  t h a t  l a r g e  sp ike  r a t e s  would produce 
small  a d a p t - i n d i c e s  so t h a t  the  d a ta  p o in t s  would form a l i n e  th rough  
the o r i g i n .  The c h a r a c t e r  of some c e l l s  i s  shown i n d i v i d u a l l y :  
( c r o s s e s )  C - c e l l ,  l a y e r  unknown; s q u a r e s ,  l a y e r  4b C - c e l l ;  c i r c l e s ,  




















200 150 100 50 0
peak spike rate — impulses per second
Chapter  I I
F ig u re  5
R e s u l t s  from 17 c e l l s  where adap t  i n d i c e s  were de termined  a t  2 (4 
c e l l s )  or 3 c o n t r a s t s  ( 13 ) and a t  2 (6 c e l l s )  or  more (11 c e l l s )  
v e l o c i t i e s .  C o n t r a s t s  f o r  each c e l l  were an oc tave  a p a r t  and were 
judged  to  be a t  one of t h r e e  r e s p o n s e  l e v e l s :  no t  s a t u r a t i n g ,  j u s t  
s a t u r a t i n g ,  and s a t u r a t i n g .  E r ro r  bars  a r e  95% con f idence  l i m i t s ,  
(a) Adapt index as a f u n c t i o n  of a b s o l u t e  c o n t r a s t ,  t h e  t o t a l  number 
of p o in t s  i s  104. (b)  A d a p t - in d i c e s  f o r  each c e l l  were n o rm a l i s ed  t o
the  average  va lue  o b ta in e d  a t  t h e  j u s t - s a t u r a t i n g  c o n t r a s t ,  w h i le  
t h e r e  i s  a t r e n d  towards l a r g e r  i n d i c e s  a t  the  s a t u r a t i n g  c o n t r a s t  the 
d i f f e r e n c e  i s  no t  s i g n i f i c a n t .  (c) A d a p t - in d i c e s  were aga in  
no rm al ised  two va lues  o b ta in e d  a t  the  medium c o n t r a s t  but  a l l  d a t a  was 
lumped i n t o  f a s t  and slow c a t e g o r i e s  a c c o rd in g  t o  t h e  speed of th e  
a d ap t in g  s t im u lu s  as d e s c r ib e d  in  the  t e x t .  The upper and lower 
curves  a re  f o r  t h e  slow and f a s t  c l a s s e s  r e s p e c t i v e l y .  The two 
c l a s s e s  d i f f e r e d  by an average of 1.6 o c t av es  of v e l o c i t y .  The t o t a l  
number of measurements in  (c)  i s  101. Thus,  t h e r e  i s  no s i g n i f i c a n t  
d i f f e r e n c e  or t r e n d  towards  c o n t r a s t  i n f l u e n c i n g  the  a d a p t - in d e x  over 
two o c tav es  of p o t e n t i a l l y  a d a p t iv e  c o n t r a s t ,  but  over  an av e rage  of 
1.6 o c t av es  of v e l o c i t y  t h e r e  i s  always a s i g n i f i c a n t l y  s m a l l e r  index
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f o r  the  sample of c e l l s  o b ta in ed  he re  t h e r e  appears  to  be no 
c o r r e l a t i o n  between the  a d a p t - in d e x  and a b s o l u t e  c o n t r a s t  ( f i g u r e  5 a ) .
A comparison a c ro s s  a b s o l u t e  t e s t  c o n t r a s t s  may be r a s h  however 
because t h i s  assumes the  unadapted  c o n t r a s t  r e s p o n s e  of a l l  c o r t i c a l  
c e l l s  i s  the  same, and t h e r e  i s  ev idence  t o  the  c o n t r a r y  (A lb rech t  
1982),  and c e r t a i n l y  th e  c o n t r a s t  s e n s i t i v i t y  of c e l l s  w i th in  t h e  
sample was v a r i a b l e .  S ince  i n  almost  a l l  cases  measurements were made 
a t  t h r e e  grades  of c o n t r a s t ,  each  one oc tave  a p a r t ,  and c o n s id e re d  to  
be: not  s a t u r a t i n g ,  j u s t  s a t u r a t i n g ,  and s a t u r a t i n g ,  i t  was p o s s i b l e  
t o  make a r e l a t i v e  compar ison.
At each t e s t  v e l o c i t y  the  adap t  i n d i c e s  were n o rm al i sed  t o  the  
va lue  f o r  t h e  medium c o n t r a s t .  This  al lowed i n c l u s i o n  of a few d a t a  
p o in t s  from d a ta  s e t s  where p o in t s  were not  o b ta in e d  f o r  bo th  the  high 
and low. When averaged  a c r o s s  a l l  t e s t  v e l o c i t i e s ,  t h e  normal ised  
a d a p t - in d e x  shows no s i g n i f i c a n t  t r e n d  w i th  i n c r e a s i n g  c o n t r a s t  
( f i g u r e  5b).  However, i f  the  g r a t i n g ' s  temporal  f requency  i s  t a ken  
i n t o  account  the  a b s o l u t e  adap t  index d a t a  d iv i d e s  i n t o  two 
s i g n i f i c a n t l y  d i f f e r e n t  p o p u la t i o n s  ( f i g u r e  5 c ) ,  w i th  t h e  lower ad ap t -  
i n d i c e s  produced by h ig h e r  temporal  f r e q u e n c i e s .
The da ta  base f o r  f i g u r e  5c i s  t h e  same as t h a t  f o r  f i g u r e  5b but  
with the  d a t a  d iv id ed  i n t o  low and high tempora l  f r e q u e n c i e s  by the  
f o l l o w in g  c r i t e r i a .  I f  measurements a t  two f r e q u e n c i e s  spanned the  
c e l l ' s  tempora l  f requency  band th e  a d a p t - i n d i c e s  f o r  d i f f e r e n t  
c o n t r a s t s  were s imply  d iv i d e d  i n t o  the  high and low c a t e g o r i e s .  I f  
measurements were taken  a t  t h r e e  tempora l  f r e q u e n c i e s  t h e  i n t e r m e d i a t e  
f requency  d a t a  was thrown o u t .  I f  measurements were done a t  fou r  
f r e q u e n c i e s ,  d a t a  f o r  the  upper and lower two f r e q u e n c i e s  were clumped
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Adapt- index  as a f u n c t i o n  of  angula r  v e l o c i t y .  The t o t a l  number 
of p o i n t s  i s  119 but  sample numbers range  from 7 to  29.  More p o i n t s  
would probably  become s i g n i f i c a n t l y  d i f f e r e n t  with  a l a r g e r  sample
s i z e .  E r ro r  ba rs  a re  95? con f ide nce  l i m i t s .
1.0 2.0 4.0 8.0 16.0 32.0
angular velocity ( degrees per second )
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t o g e t h e r  and th e  r e s u l t i n g  two groups were l a b e l l e d  h igh and low 
f requency  d a t a  r e s p e c t i v e l y .  Obviously ,  v i s u a l  param ete rs  o the r  than 
c o n t r a s t  have a s t r o n g  e f f e c t  on the  a d a p t - i n d e x ,  and temporal  
f requency  or  v e l o c i t y  have a p a r t i c u l a r l y  s t r o n g  e f f e c t .  However, the  
e f f e c t  of t h e s e  l a s t  two param ete rs  cannot  be d i s t i n g u i s h e d  in  t h i s  
case  because  a l l  the c o n t r a s t  measurements were done w i th  only  the  
p r e f e r r e d  g r a t i n g  of each c e l l .
Temporal f requency  and a n g u la r  v e l o c i t y
As a f i r s t  measure the  a d a p t - in d e x  d a t a  was examined w i th  r e s p e c t  
to  a b s o l u t e  angu la r  v e l o c i t y  ( f i g u r e  6) and temporal  f requency ( f i g u r e  
7 ) .  W ith in  the  angu la r  v e l o c i t y  d a t a  t h e r e  i s  a c l e a r  t r e n d  towards 
sm a l l e r  a d a p t - i n d i c e s  a t  h ighe r  v e l o c i t i e s  but  only  th e  average  index 
a t  the  low es t  speed i s  s i g n i f i c a n t l y  h ighe r  than  the  rem ain ing  d a t a .  
However, th e  ave rage  number of measurements ( c e l l s )  a t  each speed was 
14 .8 ,  so f u r t h e r  p o in t s  would p robab ly  become s i g n i f i c a n t l y  d i f f e r e n t  
with  i n c r e a s e d  sample s i z e .  The temporal  f requency  d a t a ,  a l though  
examined over fewer oc taves  of s t im u lu s  than the  v e l o c i t y  d a t a ,  shows 
a s i g n i f i c a n t  t r e n d  towards  s m a l l e r  i n d i c e s  a t  h ig h e r  temporal  
f  r e q u e n c i e s .
F u r th e r  exam ina t ion  of  the d a t a  showed t h a t  the  v a r i a b i l i t y  in  
index s i z e  could be reduced by c o n s i d e r i n g  a r e l a t i v e  a d a p t - in d e x .  
S ince  d a t a  f o r  the  m a j o r i t y  of  c e l l s  co n ta in e d  r e s p o n s es  ob ta in ed  a t  
2.4 Hz a d a p t - i n d i c e s  were no rm al ised  t o  th e  l a r g e s t  va lue  o b ta in e d  a t  
t h i s  f requency  f o r  a given  c e l l  ( f i g u r e  8 ) .  This  p rocedure  i s  s i m i l a r  
to  d iv i d i n g  the  c o n t r a s t  d a ta  a c c o rd in g  t o  r e l a t i v e  h igh  and low 
frequency  g roups ,  so the  high s i g n i f i c a n c e  of  the p o in t s  in  f i g u r e  8, 
tends  t o  s u p p o r t  the  procedure  used f o r  f i g u r e  5c.  No r e l a t i v e
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i n d i c e s  could be found t o  minimise th e  v a r i a b i l i t y  of the  dependence 
of a d a p t - i n d i c e s  on angu la r  v e l o c i t y .
So f a r ,  none of the above arguments s t r o n g l y  f a v o r s  c o n t ro l  over 
the  a d a p t - in d e x  by e i t h e r  temporal  f requency  or angu la r  v e l o c i t y .  The 
ambigui ty  in  the  d a t a  i s  not  a l t o g e t h e r  unexpec ted because  the  
m a j o r i t y  of d a t a  were c o l l e c t e d  only  a t  one s p a t i a l  f requency .  Thus, 
any in f e r e n c e  about  the  r e l a t i v e  importance of  e i t h e r  param eter  w i l l  
r e l y  on c o r r e l a t i o n s  a c ro s s  c e l l s .  On th e  o the r  hand,  the  d a t a  
i n d i c a t e s  t h a t  comparisons of re sponses  by a b s o l u t e  s t im u lu s  
pa ram ete rs  may not  be r e l e v a n t  a c r o s s  c e l l s ,  so w i th in  c e l l
comparisons a re  more l i k e l y  t o  y i e l d  d e f i n i t i v e  answers.  To t h i s  end 
d a t a  was c o l l e c t e d  from 7 c e l l s  a t  a d d i t i o n a l  s p a t i a l  f r e q u e n c i e s ,  one 
oc tave  above and below the  c e l l s ’ p r e f e r r e d  s p a t i a l  f requency  ( e . g .  
f i g u r e s  1 , 2 , 3 ) .  In  t h i s  way temporal  f r e q u e n c i e s  can be ge n e ra te d  a t  
s e v e r a l  angula r  v e l o c i t i e s ,  and v ice  v e r s a ,  f o r  the  same c e l l .
Again,  t h e r e  was c o n s id e r a b l e  v a r i a t i o n  amongst c e l l s ,  bu t  i t  
seemed c l e a r  t h a t  a d a p t - i n d i c e s  fo r  p a r t i c u l a r  c e l l s  s c a l e d  t o g e t h e r ,  
so a comparison with  some r e l a t i v e  temora l  f requency  index was 
w ar ran ted .  Moreover,  the  range  of temporal  f r e q u e n c i e s  and v e l o c i t i e s  
over  which a d i f f e r e n c e  could be n o t i c e d  was always about  2 o c taves  of 
e i t h e r  q u a n t i t y .  Thus,  d a t a  were grouped amongst c e l l s  accord ing  t o  
t h e  o r d i n a l  rank  of th e  v e l o c i t i e s  t e s t e d ,  i . e .  f a s t e s t ,  second 
f a s t e s t ,  e t c . ,  and by rank  of the temporal  f r e q u e n c i e s  t e s t e d ,  where 
ranks  co r respond  to  oc tave  inc re m en ts .  A few da ta  p o in t s  were not  
measured a t  oc tave  i n t e r v a l s  so t h e s e  p o in t s  were lumped i n t o  the  
n e a r e s t  whole oc tave  ca t e g o ry .  An a n a l y s i s  of v a r i a n c e ,  employing 
va r ious  l i n e a r  models ,  was used t o  de termine  i f  the a b s o l u t e  adap t -
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index showed any s y s t e m a t i c  v a r i a t i o n  w i th  any p a r t i c u l a r  paramete r  or 
pa ram ete rs ;  t a b l e  1 summarises t h e  r e s u l t s  and models .
---- Table  1 —
Hypotheses Fc a l ’ df F tab acc ep t
co n c lu s io n
V tf*v
no i n t e r a c t i o n  between
t f  and v r e q u i r e d ,  i f
H : 0 tf+v 1- 2\ 6 6
2.46 H0 t f  and v both  
c o n t r i b u t e
V tf+v
a d d i t i v e  model b e t t e r
H : 0 V ^ • 277,72 2.07
H.l
A . I .
than v de te rm ine s
V tf+v
t f  as good as a d d i t i v e
H : 0 t f °*797,72 2.07 H0
at  95% conf idence
The f i r s t two l i n e a r models assume t h a t bo th  tempora l  f requency
( t f )  and v e l o c i t y  (v) a r e  r e q u i r e d  t o  e x p l a in  any s y t e m a t i c
v a r i a b i l i t y  i n  the  d a t a ,  bu t  in  t h e  one i n s t a n c e  t h e i r  r e s p e c t i v e  
e f f e c t s  a re  p u re ly  a d d i t i v e  ( t f + v ) ,  and i n  the  second model
m u l t i p l i c a t i v e  i n t e r a c t i o n  ( t f* v )  i s  a l s o  r e q u i r e d .  The f i r s t  t e s t  
shows t h a t  the  model w i thou t  i n t e r a c t i o n  between the  f a c t o r s  t f  and v 
e x p l a in s  the  d a t a  as w el l  as one wi th  s y n e r g i c  e f f e c t s .  The second 
t e s t  shows t h a t  the  model where temporal  f requency  and v e l o c i t y  
c o n t r i b u t e  a d d i t i v e l y  to  de te rmine  th e  a d a p t - i n d e x ,  e x p l a i n s  the  da ta  
b e t t e r  than assuming the  a d a p t - in d e x  i s  s e t  e x c l u s i v e l y  by v.  The 
f i n a l  t e s t  shows t h a t  the  a d a p t - in d e x  as l i k e l y  to  be s e t  e x c l u s i v e l y
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by t f  as by th e  a d d i t i v e  model t f+ v .
Since the  t f  model i s  much s im p le r  than  t f + v ,  the  t f  model i s  
o b v io u s ly  t h e  most a c c e p t a b l e  ( see  M ethods ) . Comparisons of th e  
e x c l u s i v e  models  a g a i n s t  the  i n t e r a c t i v e  one give  s i m i l a r  r e s u l t s  to  
the  second and t h i r d  t e s t s  i n  t a b l e  1: at  95% c o n f id e n c e ,  t f  f i t s  the 
d a ta  as well  as t f * v ,  and t f * v  b e t t e r  than v a l o n e .  Thus, in
exper im en ts  where,  f o r  each c e l l ,  tempora l  f r e q u e n c i e s  were gene ra ted  
a t  s e v e r a l  v e l o c i t i e s ,  and v ice  v e r s a ,  i t  appears  t h a t  temporal
f requency  was th e  most l i k e l y  d e te rm inan t  of th e  a d a p t - i n d e x .  Models 
i n c lu d in g  s p a t i a l  wave length  were a l s o  t e s t e d  but t h e s e  were not  
b e t t e r  than  the  a d d i t i v e  model t f+ v .  Some c h a r a c t e r i s t i c s  of the 
seven c e l l s  used in  t h e  models above a re  l i s t e d  in  t a b l e  2.
----  Table  2 —
Type Layer O.D. Ecc . D.S.
C 3b 4 4 .0 ° 80:20
C 4b 7 2 .6 ° 80:20
s 6 1 1 .0 ° 50:50
c 2/3a 7 1 .4° 50:50
c 3b 4 2 .9 ° 80:20
c 2/3a* 4 1 .5 ° 90:1 0
c 4a 7 1 . 10 90:1 0
The m a j o r i t y  of c e l l s were i n o u tp u t  l a y e r s ,  were complex c e l l s ,
and had high d i r e c t i o n a l  s e l e c t i v i t y ( D . S . ) . The s imple  c e l l  had a
l a r g e  r e c e p t i v e  f i e l d  and of t h e  seven c e l l s i t s  adap t index changed
the l e a s t .  The the  only  p o s s i b l e  t r e n d  w i th  o c u la r  dominance (O.D.)
was t h a t  c e l l s were e i t h e r  monocular  or b in o c u la r  but  not
i n t e r m e d i a t e ,  i . e . none were c l a s s e d  as 2 , 3 , 5 , or 6 (1 be ing  f u l l y
c o n t r a l a t e r a l  and 7 f u l l y i p s i l a t e r a l , Hubei and Weisel  1962);
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o b v io u s ly  f u r t h e r  d a t a  a re  r e q u i r e d  to  confirm t h i s  o b s e r v a t i o n .
Response d e c l i n e  and c o n t r a s t  r e sponse
The in f e r e n c e  t o  t h i s  p o in t  has been t h a t  d e c l i n i n g  r e s p o n s es
i n d i c a t e  a s e n s i t i v i t y  change.  However, more than  one ty p e  of
s e n s i t i v i t y  change can produce r e sp o n se  d e c l i n e .  M ichae l i s -M enten-
l i k e  models of a d a p t a t i o n  i l l u s t r a t e  two p o t e n t i a l  s o u rc e s  of l o s s  of
s e n s i t i v i t y .  In such models the r e sp o n se  t o  a given  s t im u lu s  S i s
determined  by two f a c t o r s ,  t h e  maximal re sponse  a t t a i n a b l e  (R ) andmax
th e  t h e  s t im u lu s  (S ) r e q u i r e d  to  g ive  a r e s p o n s e  of 50% Rmax:_
R( S ) = R (Sn / ( S n+S_n ) ) n (2)max 50
An i n c r e a s e  in  S._A a lone  i n d i c a t e s  a change the  c e l l ' s  ga in  s in c e  50
a s t r o n g e r  s t im u lu s  i s  r e q u i r e d  t o  e l i c i t  the same r e s p o n s e ,  and R
i s  l e f t  unchanged.  The exponent  n should  be near  t o  1. D ecreases  in
R  ^ d e c re ase  r e s p o n s iv e n e s s  but  a l s o  compress the  c e l l ' s  r e s p o n s e
ra n g e .  Thus,  e i t h e r  i n c r e a s e s  in  S,_A or d ec re ase s  in  R w i l l  c r e a t e50 max
s e n s i t i v i t y  l o s s ,  but  d e c l i n i n g  Rmax maY be d e t r i m e n t a l  i n  t h a t  the  
c e l l ' s  i n fo rm a t io n  c a p a c i t y  w i l l  be reduced ,  u n l e s s  measures  to  be 
d i s c u s s e d  compensate f o r  the  l o s t  dynamic r a n g e .  Some c a u t io n  i s  
needed in  i n t e r p r e t i n g  t h i s  model v i s a  v i s  c o r t i c a l  c e l l s  as no 
convinc ing  argument has been made f o r  the  use of e q u a t io n  (2) fo r  
c o r t i c a l  c e l l s ,  d e s p i t e  i t s  use to  d e s c r i b e  t h e i r  a d a p t a t i o n  (A lb rech t  
1984).  S p e c i f i c a l l y ,  l o g - l o g  p l o t s  of maximal dS/dR a g a i n s t  ad ap t in g  
i n t e n s i t y  , w i l l  y i e l d  a l i n e  w ith  an a s y m to t ic  s lo p e  of - 2 ,  fo r  
c e l l s  obeying e q u a t io n  (2) (Wil l iams and Gale 1977, Naka e t  a l . 1979, 
Sakuranaga and Ando 1985).  C e l l s  obeying t h e  Weber-Fechner r e l a t i o n  
of equa l  r e sponses  to  lo g - e q u a l  d e p a r t u r e s  from a background s t im u lu s
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C o n t r a s t - r e s p o n s e  f u n c t i o n s  f o r  a l a y e r  3b C - c e l l .  The peak 
r e s p o n s e s  (a) and average  r e s p o n s e s  (b) were judged  as d e s c r i b e d  in  
Methods.  The two curves  i n  (a)  and (b) were o b ta in e d  a f t e r  a d a p t a t i o n  
a t  3 ( c i r c l e s )  and 9 Hz ( s q u a r e s ) .  Adapting g r a t i n g s  f o r  t h e  slow and 
f a s t  c o n d i t i o n  had wavelength  0 .8 °  and c o n t r a s t s  of .3 and .15 
r e s p e c t i v e l y .  V e r t i c a l  bars  a re  s t a n d a r d  d e v i a t i o n s  based on p o in t s  
averaged  from 5 exper iments  where each of the 5 p o i n t s  was the  average 
of fo u r  t r i a l s .  P o in t s  a t  c o n t r a s t  0 .8  were only  determined 3 t im es ,  
(c)  Normalised re s p o n s es  of the c e l l  dur ing  the  two kinds of ad ap t in g  
phase.  The bold curve i s  f o r  t h e  f a s t - a d a p t  c o n d i t i o n  and th e  peak 
va lue  was 54 impulses per  second ,  the  t h i n  curve f o r  the  s lower  
a d a p t in g  speed had a peak of 98 im pulses  per  second.  The a b s c i s s a  i s
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( c o n t r a s t )  w i l l  y i e l d  l i n e s  with  s lo p e  1 on such p l o t s .  N e v e r th e l e s s ,  
e q u a t io n  (2)  i s  u s e f u l  because i t  g ives  us a s imple model on which to 
base and a s s e s s  exper im en t s .
To be b e n e f i c i a l  to  the  c e l l  a d a p t a t i o n  must a l t e r  the  c e l l ' s  
s e n s i t i v i t y  w i thou t  s e r i o u s l y  l i m i t i n g  the  c e l l ' s  i n fo rm a t io n  
c a p a c i t y .  Thus,  p l o t s  of a c e l l ' s  r e sponse  a g a i n s t  l o g - s t i m u l u s  
shou ld  show a l a t e r a l  s h i f t  (ga in  change) withou t  a s u b s t a n t i a l  l o s s  
of The r e l a t i v e  ad ap t in g  e f f e c t s  of f a s t  and slow g r a t i n g s  on
c o r t i c a l  c e l l s  were de termined  by measur ing  t h e i r  c o n t r a s t - r e s p o n s e  
f u n c t i o n s  a f t e r  a d a p t a t i o n  t o  slow and f a s t  moving g r a t i n g s .  The 
i n t e r l e a v e d  p rocedure  d e s c r ib e d  in  Methods he lped  remove th e  v a g a r i e s  
of the  c e l l s '  s e n s i t i v i t y ,  and the  c o n t r a s t  of t h e  f a s t e r  g r a t i n g  was 
a d j u s t e d  t o  be the  same or l e s s  than t h a t  of the slower  g r a t i n g  so 
t h a t  t h e  i n i t i a l  r e s p o n s e  t o  th e  f a s t e r  s t im u lu s  was l e s s  t h a n  t h a t  to  
the  s lo w er .  Th is  l a s t  c o n t ro l  in s u re d  t h a t  any e x t r a  a d a p t a t i o n  t o  
t h e  f a s t e r  g r a t i n g  could  not  be a t t r i b u t e d  to  a h ig h e r  i n i t i a l  
r e s p o n s e .  Tes t  c o n t r a s t s  were p r e s e n t e d  a t  the  same v e l o c i t y  as t h e i r  
a d a p t in g  s t i m u l u s .  In  g e n e ra l  an a t tem p t  was a l s o  made t o  o b t a i n  the  
c o n t r a s t - r e s p o n s e  f u n c t i o n s  i n  the  unadapted case  f o r  both  t e s t  
s p e e d s .
I n  t h r e e  c e l l s  the c o n t r a s t - r e s p o n s e  f u n c t i o n s  f o r  t h e  f a s t  and
slow a d a p t in g  s t i m u l i  were de termined  wi thou t  complimentary unadapted
response  f u n c t i o n s .  Two of t h e s e ,  a l a y e r  3b s imple  c e l l  and a l a y e r
3b B - c e l l ,  showed a 505» d e c l i n e  i n  R , and so can be t a k e n  to  havemax
no gain c o n t r o l  ( r e sp o n ses  no t  shown). The t h i r d  c e l l ,  a l a y e r  3b C-
c e l l ,  shows a c o n s id e r a b l e  l a t e r a l  s h i f t  f o r  the  f a s t e r  ad ap t in g
g r a t i n g  and d e f i n i t e l y  no l o s s  of  R , whether average  ( f i g u r e  9a) ormax
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Adapted and unadapted c o n t r a s t - r e s p o n s e  f u n c t i o n s  f o r  a l a y e r  5 
C - c e l l ,  r e sponse  va lues  are averages  over 0 .8  s of s t im u lu s  
p r e s e n t a t i o n .  The upper two curves  ( t r i a n g l e s )  a r e  f o r  a d a p t a t i o n  t o  
2.M Hz, and th e  lower two cu rves  ( s q u a re s )  f o r  a d a p t a t i o n  to  6 Hz. 
The s e n s i t i v i t y  s h i f t  produced in  both cases  i s  s i m i l a r .  Adapting
Q
g r a t i n g  wavelengths  were 1.67 and a d a p t in g  c o n t r a s t s  0.15  i n  a l l
ca s e s .  Open symbols a re  d a ta  f o r  the  unadapted c o n d i t i o n ,  and th e  
l e f t  o r d i n a t e  i s  fo r  the  lower two cu rv es .  (c)  Responses to  the  f a s t  
(bo ld )  and slow ( t h i n )  a d a p t in g  g r a t i n g s .  The norm al ised  d a t a  shows 
the  s i m i l a r i t y  i n  a d a p t - i n d i c e s , the  peak v a lu e s  f o r  th e  slow and f a s t  
curves  a re  r e s p e c t i v e l y  118 and 97 impulses  per  second.




t i m e  ( s)
im
pulses per second
Chapter  I I Page 88
peak s p i k e r a t e s  ( f i g u r e  9b) a r e  c o n s id e r e d .  Both methods of
comparison were used f o r  a l l  c e l l s  ( s ee  Methods) b u t ,  as  f o r  th e  c e l l  
i n  f i g u r e  9, peak r a t e s  tended to  s a t u r a t e  e a r l i e r  than average r a t e s .  
The s h i f t  i n  f i g u r e  9 i s  n o t a b l e  in  t h a t  th e  c o n t r a s t  i n  th e  slow- 
a d a p t a t i o n  was h a l f  t h a t  fo r  the  f a s t ,  and t h i s  was r e f l e c t e d  i n  the  
i n t i a l  s p ik e  r a t e s  produced by t h e  two a d a p t in g  s t i m u l i .  The 
normal ized  and averaged  r e s p o n s e s  to  bo th  a d a p t in g  s t i m u l i  show the  
adap t  index was much s m a l l e r  f o r  t h e  f a s t e r  s t im u lu s  (bold cu rve ,  
f i g u r e  9 c ) .
Unadapted c o n t r a s t - r e s p o n s e  f u n c t i o n s  show t h a t  the  s h i f t  seen i n
f i g u r e  9 can be d e c e p t iv e ,  as can be s een  i n  i n  t h e  r e s u l t s  f o r  a
l a y e r  5 C -c e l l  in  f i g u r e  10a. The curves  f o r  slow (upper ,  t r i a n g l e s )
and f a s t  ( lower ,  s q u a re s )  t e s t  v e l o c i t i e s  a re  v e r t i c a l l y  d i s p la c e d
because  the  unadapted curve fo r  f a s t  s t i m u l i  (open s q u a re s )  a lmos t
e x a c t l y  o v e r l a p s  th e  adap ted  curve  f o r  slow t e s t  s t i m u l i .  Thus, w hile
the  f a s t - a d a p t e d  curve i s  s h i f t e d  compared t o  the  s low -adap ted  one,
and wi thou t  a l o s s  of R , both cu rves  a r e  s h i f t e d  by a comparablemax
amount from t h e i r  r e s p e c t i v e  unadapted c u rv e .  In  t h i s  case  th e n ,  no 
more a d a p t a t i o n  was ach ieved  by t h e  f a s t  s t im u lu s  than  by th e  slow, 
a l though  much of  the s h i f t  f o r  the  slow s t im u lu s  may be downward. 
However, s i m i l a r  s h i f t s  a re  expec ted  because  th e  adap t  i n d i c e s  of the  
re sponses  to  the  ad ap t in g  s t i m u l i  were no t  markedly d i f f e r e n t ,  and the  
i n t i a l  re sponse  produced by th e  f a s t e r  a d a p t in g  s t im u lu s  was only  18% 
l e s s  t h a t  produced fo r  the  s low er .
The smal l  a d a p t - in d e x  d i f f e r e n c e  shown by the  c e l l  of f i g u r e  10, 
was unusual  in  t h a t  th e  f a s t e r  s t im u lu s  produced a temporal
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F igu re  1 1
Adapted and unadapted c o n t r a s t - r e s p o n s e  f u n c t i o n s  f o r  a l a y e r  Mb 
C - c e l l .  The da ta  p o in t s  ( s q u a re s )  f o r  t h e  s o l i d  l i n e s  were o b ta in e d  
a t  7 .2  Hz and th o s e  f o r  the  dashed curve ( t r i a n g l e s )  a t  1.2 Hz, open 
symbols a re  f o r  the  unadapted c o n d i t i o n .  P o i n t s  f o r  t h e  slow t e s t  
speed o v e r l a p  fo r  the  adapted  and unadapted cases  i n d i c a t i n g  no 
a d a p t a t i o n  a t  a l l .  The ad ap t in g  g r a t i n g s  in  both  cases  had c o n t r a s t  
0 .2  and waveleng th  0 .8 ° .  (c)  The norm al i sed  d a t a  a r e  ambiguous,  bu t
th e  curve  f o r  th e  f a s t e r  s t im u lu s  (bo ld )  had a peak s l i g h t l y  h ighe r  
than t h a t  fo r  the  s lower ad ap t in g  g r a t i n g  the  peaks be ing  r e s p e c t i v e l y  
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f requency  1.6 o c t a v e s  h ig h e r  tha n  t h e  slow s im ulus .  Attempts  to  
reduce the  adap t  index i n  t h i s  c e l l  by i n c r e a s i n g  the  temporal  
f requency  proved f u t i l e ,  s i n c e  r e s p o n s i v i t y  dropped d r a m a t ic ly  wi th 
f u t h e r  i n c r e a s e s .  A pparen t ly  the  c e l l  adapted  l i t t l e  and t h a t  
a d a p t a t i o n  was l i t t l e  in f l u e n c e d  by tem pora l  f requency .
I t  was a l s o  observed  t h a t  a d a p t in g  a c e l l  to  a f a s t  s t im u lu s  
could  modify c o n t r a s t  s e n s i t i v i t y ,  w hile  a d a p t in g  w i th  t h e  slower 
s t im u lu s  caused no change,  as  shown by th e  l a y e r  4a C - c e l l  in  f i g u r e  
11. I t  ap p ea r s  l i k e l y  t h a t  th e  s h i f t  i n  f i g u r e  11a i s  downwards, 
a l th o u g h  h ig h e r  c o n t r a s t  s t i m u l i  were not  t e s t e d ;  g r a t i n g s  with  
s t e e p e r  c o n t r a s t  g r a d i e n t s  than  a g r a t i n g  of Rayle igh  c o n t r a s t  1 are 
p o s s i b l e  i f  one i s  w i l l i n g  t o  accep t  a temporary  i n c r e a s e  in  the  mean 
luminance ,  and c o n t r a s t s  h ig h e r  than  one are  p o s s i b l e  w ith  s t i m u l i  
such as bars  d o t s ,  or  s t i m u l i  in th e  r e a l  wor ld.  U n f o r t u n a t e l y ,  
r e l a t i v e l y  few samples were o b ta in e d  f o r  t h i s  c e l l  so t h e  r e s p o n s e s  to 
the  a d a p t in g  s t i m u l i  do not t e l l  a d e f i n i t i v e  s t o r y ,  a l th o u g h  the  
f a s t e r  s t im u lu s  probably  produced a s m a l l e r  ad ap t  index ( f i g u r e  11b),  
but  not  as much as might have been expec ted  given t h a t  the  a d a p t in g  
s t i m u l i  were 2 .6  o c t a v e s  of temporal  f requency  a p a r t .  The c e l l s  in 
t a b l e  1 change t h e i r  adap t  i n d i c e s  over only  two oc taves  of f requency  
by an ave rage  of 54*.
S im i la r  exper iments  were a l s o  done on a C - c e l l  from the l a y e r  2 
and 3a b o rd e r .  Th is  c e l l  shows a markedly l a r g e r  s h i f t  f o r  a d a p t a t i o n  
t o  the  f a s t e r  moving s t im u lu s  ( f i g u r e  12a) .  U n f o r tu n a t e ly ,  
measurements a t  t h e  high c o n t r a s t s  were not  done so  i t  i s  p o s s i b l e  
t h a t  the  added s h i f t  i s  due t o  a compress ive l o s s  of R , r a t h e r  than 
a gain change.  The change in  ad ap t  index f o r  t h i s  c e l l  was very
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F ig u re  12
Unadapted (open symbols)  and adap ted  c o n t r a s t  r e sp o n se  f u n c t i o n s  
measured a t  1.2 (dashed c u r v e s ,  t r i a n g l e s )  and 4.8 Hz ( s o l i d  c u r v e s ,  
s q u a r e s ) .  Adapting g r a t i n g s  had c o n t r a s t  0.15 and wavelength  0 . 8 ° .  
(c)  Unnormalised r e s p o n s e s  to  the  a d a p t in g  curve show t h a t  the  
d i f f e r e n c e  in  the  adap t  index  was l a r g e  d e s p i t e  t h e  s m a l l e r  i n i t i a l  
r e s p o n s e  of the f a s t e r  s t im u lu s  (bold  c u r v e ) .
contrast
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s i m i l a r  t o  most of the  c e l l s  s t u d i e d  ( f i g u r e  12b) and in  p a r t i c u l a r  to 
the c e l l s  i n  t a b l e  1. In  f a c t ,  a comple te s e t  of adap t  i n d i c e s ,  f o r  a 
range  of g r a t i n g s  and s p e e d s ,  were o b ta in e d  f o r  the  c e l l  of f i g u r e  12a 
and t h i s  c e l l  i s  denoted  by an a s t e r i x  in  t a b l e  2. A C - c e l l  from 
l a y e r  ila, which was a l s o  t e s t e d  in  both  ways, seemed t o  show a s i m i l a r  
t r e n d  t o  the  c e l l  in  f i g u r e  12 but  the  v a r i a b l i t y  in  the  d a t a  does not
permi t  a c o n c lu s iv e  judgement.
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Discussion
Adapt-indices
Evidence has been given that some cortical cells, especially 
complex cells, show declining responses to continuously presented 
moving stimuli. This decline seems to be independent of stimulus 
contrast or initial response rates. Instead, temporal frequency seems 
to determine the rate of response decline. This observation is 
interesting because a neuron called H1, which is found in the optic 
lobes of flies, has recently been shown to have a similar property 
(Maddess and Laughlin 1985, Chapter 1). As outlined in the 
introduction, H1 shares many properties with complex cells. 
Adaptation in H1 was further shown to be localised to subunits making 
up its receptive field, and that the adaptation, while dependent on 
the temporal frequency of moving objects, was not modified by flicker, 
suggesting that the adaptation lay after the computation of motion. 
The possibility of separate adaptation by subunits of cortical cells 
(Movshon et al. 1978b) has not been examined in this study, but if 
such adaptation exists it could shed much needed light on the 
processes behind the motion sensitivity of cortical cells, and 
nonlinear summation of complex cell subunits.
Maximum response and information capacity
The argument presented for the undesirablity of a loss of R 
assumed that there is no concomitant increase in the cell’s signal-to- 
noise ratio, or temporal resolution. Either of these alternatives 
could compensate for a loss of R , or even expand the cell's 
information capacity. Information capacity for a linear system being 
defined as the logarithm to the base two of the number of possible 
response levels, determined by the relative sizes of the noise in the
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cell and the cells dynamic range, multiplied by the cell’s temporal
cutoff frequency, the inverse of the integration time. In fact an
increase in temporal resolution accompanies a possible small loss of
R in H1. max
One might feel that temporal resolution should be at its best at 
all times but this is not necessarily so. Information capacity is a 
quantitative rather than a qualitative property. Thus, if the world 
seen by a given complex cell is moving rather slowly the cell may be 
well served by increasing R^ , at the expense of temporal resolution, 
to increase the cell’s ability to discriminate more stimulus states, 
when time permits. This assumes that dR/dS is also larger, i.e. that 
the system adapts, in order to map potential stimulus states into the 
expanded dynamic range in the most efficient manner (Laughlin 1981); 
such a gain change takes place. The idea also assumes that it is 
desirable to conserve information capacity across adaptation states, 
and that signal-to-noise does not change.
It is possible that it is desirable to conserve information
capacity since adaptive strategies, besides saving a cell from
saturation, mean that postsynaptic cells can be quite rigidly
designed. A good example of this is the transformation to contrast
constancy by the ganglion cell level in vertebrate retina: keeping the
visual signal constrained to ganglion cell dynamic ranges, also means
that for postsynaptic cells the world looks similar over a wide range
of mean luminances. Rigidity of postsynaptic elements means rigid
information capacity. Whether, R is traded off against temporal
resolution or not, does not modify the fact that it is naive to think
that reductions in R are necessarily detrimental.max J
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Adaptation and linear models of the visual cortex
The psychophysical experiments of Campbell and Robson (1968) 
suggested that the spatial frequency components of the visual world 
were separately analysed by units in the brain with passbands in the 
order of one octave. Subsequent adaptation studies (Blakemore and 
Campbell 1969) implied that such channels were orientation selective, 
thus implicating the oriented receptive fields encountered in the 
striate cortex. More recently Marcelja (1980) suggested that simple 
cell receptive fields may be Gabor functions (Gabor 1946), and as such 
mediating the most local analysis possible for a chosen spatial 
frequency channel bandwidth and vice versa. However, the majority of 
simple cells while, showing linear spatial summation to flashed 
stimuli, are directionally selective to moving stimuli; thus 
complicating models attempting to explain the visual cortex as a 
Fourier analyser (e.g. Kulikowski et al., 1982). The addition of 
adaptation to the properties of cortical cells adds to the 
difficulties of constructing such models. The majority of cells 
examined in this study were complex cells, but adaptation has been 
established for simple cells as well (Ohzawa et al., 1982, Albrecht et 
al. 1984).
Adaptation in cortical simple cells
Good measurements of changes in adapt index were obtained for 3 
simple cells, two from layer 4b and one from layer 6. The ratio of 
fast-adapt on slow-adapt indices for these cells was 0.55 _+ 0.14 s.d. 
over 2 octaves of temporal frequency. Two of the cells, one each from 
layer 4b and 6, responded well at 24 degrees per second and so 
probably receive input derived from brisk-transient ganglion cells 
(Mustari et al. 1982). The other layer 4b S-cell had preferred
Chapter II Page 9M
spatial frequency (1.25 cycles per degree) 2 octaves above that of its 
layer Mb counterpart and responded well at 7.3 Hz. Thus it is 
possible S-cells may also show temporal frequency specific adaptation. 
If true, this property would further complicate attempts a quasi- 
linear modeling of the striate cortex.
Implications for response measures
Cortical cell responses are commonly measured by Fourier analysis 
of averaged post-stimulus histograms (e.g. DeValois et al. 1982). In 
particular, the amplitude of the fundamental frequency is used for 
simple cells and the ordinal value for complex cells. In order to 
achieve a reasonable signal-to-noise ratio, and to decrease the 
variance of the breadth of the spectral lines, it is common to present 
about twenty cycles of moving grating in each trial. Fourier 
transformation of such data tacitly averages over the response to the 
twenty successive cycles with the result that any response decline is 
ignored. The data presented in this paper suggests that, at least for 
complex cells, stimuli which might produce a higher initial spike 
rate, but which adapted quickly, would be assigned a relatively low 
"response”, due to the averaging effects of a Fourier analysis. The 
problem is exacerbated when adaptation is controlled by a single 
stimulus parameter. Certainly, at the temporal frequencies normally 
used, twenty cycles of grating is sufficient time for significant 
response decline to take place (figures 1 and 2). It has been shown 
recently (Maddess and Laughlin 1985) that response measures like those 
above, when used to gage the temporal frequency response of the fly 
neuron H1, lead to an underestimate of the preferred frequency by a 
factor of 6. Obviously, any response measure employing time averages 
should not be made unless time invariance is also demonstrated.
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Spatial-frequency-specific inhibition
Evidence has been presented that cortical cells commonly receive 
inhibition from cells sensitive to higher spatial frequencies 
(DeValois and Tootell 1983). These experiments involved presenting 
the sum of two spatial frequencies moving with a velocity determined 
by the preferred temporal frequency of the fundamental spatial 
frequency. The data analysis methods were as described in the last 
section. Significant adaptation was often shown when the added 
grating was 2 (2f) or 3 (3f) times the fundamental. Since the two 
gratings moved at the same speed the data presented here suggest that 
a reduction in the averaged response would be expected in this case, 
but because of the higher temporal frequency of the added grating. 
However, those authors show some recovery of responsiveness when still 
higher harmonics are presented, which would argue in their favour 
unless the 3f or Mf grating was largely invisible due to its high 
temporal frequency; spatial frequency tuning having been determined at 
the same temporal frequency as the fundamental frequency rather than 
at the experimental speed. Unfortunately the temporal frequencies 
used were not reported.
Reconciling previous work
Previous experiments have shown that cortical cells change their 
sensitivity to prolonged stimulation (Maffei et al. 1973, Vautin and 
Berkley 1977, Movshon and Lennie 1979), and some of the sensitivity 
change observed has been shown to be a form of gain control rather 
than a loss of response potential (Ohzawa et al. 1982, Albrecht et al. 
1 98 4^). Albrecht et al. (1 98 4^) describe the adaptation of cortical 
cells as "contrast adaptation", and Ohzawa et al. (1982) use the term 
"contrast gain control". In both their experiments adaptation to
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various contrast conditions takes place at a single temporal 
frequency. The association of the word contrast with the adaptive 
process suggests some causality, but by adapting without altering any 
response parameter but contrast, the term "contrast adaptation" seems 
premature. Adaptation as a process is well understood and one would 
expect that a neuron, such as a cortical cell, where many response 
parameters are confounded, would adapt whenever a combination of 
stimulus parameters caused the cell to saturate for more than a few 
integration times, although how many integration times and under what 
conditions has not been addressed.
Experiments presented here show that adapting stimuli of higher 
temporal frequency but with the same contrast and producing smaller 
responses during adaptation, can produce larger gain changes. This 
rules out any special role for contrast in adaptation. What is 
suggested here is that the temporal frequency of an adapting stimulus 
determines how quickly the adapted state is achieved. This is quite 
independent of what the end state will be, except in the extreme case 
when the temporal frequency effect is so strong that slowly moving 
stimuli, no matter how response provoking, adapt the cell so slowly as 
to have little effect. In the adapt-index experiments some cells were
observed which seemed not to change their sensitivity at all,
regardless of response, at the lower speeds, and contrast-response
measurements showed little or no sensitivity shift could occur at slow 
stimulus velocities (figure 11).
Thus there appears to be no problem reconciling previous results 
with those presented here. Adaptation, at a rate determined by the 
temporal frequency chosen, would proceed according to the response
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generated in a cell. The responsiveness of the cell to various 
stimuli when fully adapted is also not affected by the rate at which 
that state was attained so differential sensitivity to spatial 
frequencies away from the adapting stimulus (Movshon and Lennie 1979, 
Albrecht et al. 1984) can also be accommodated within a system where 
adaptation rate is governed by temporal frequency. The rationale for 
such control over the dynamics of adaptation is simply that if cells 
are primarily concerned with encoding signals from moving stimuli, 
then perhaps adaptation should be linked to the stimulus parameter 
available to the cell, which is most indicative of velocity increases. 
Moreover, high contrasts are rare in the environment (Laughlin 1981) 
and so the danger of cells remaining saturated for prolonged periods 
by high contrasts is unlikely; this cannot be said for periods of high 
angular velocity.
Conclusions
The demanding experiments of the first section required that
cells spike briskly in order that accurate assessments of their
character could be made within 10-12 hours. This constraint meant
that most of the cells sampled were complex cells. Part of the
object of this study was to discover if cells in area 17 of the cat 
have their sensitivity change determined by temporal frequency as does 
the fly neuron H1. Complex cells are the most similar to H1 so the 
sample bias was useful for making a comparison. The data indicate 
that, at least for complex cells, the response decline is determined 
by the temporal frequency of moving gratings. Whether this adaptation 
occurs before computation of motion and by receptive field subunits, 
as it is in H1, remains unresolved, although Vautin and Berkley (1977)
showed response decline was mediated by directionally selective units,
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suggesting an intracortical mechanism.
Experiments where the contrast sensitivity of cells was 
determined with and without prior adaptation to high and low temporal 
frequency stimuli indicate that the difference in the adapt-indices 
for two adapting conditions predicts the magnitude of the resulting 
sensitivity shift, and that such shifts are gain changes rather than 
temporary loss of response capability. In particular, shifts as large 
or larger than those produced by slower adapting stimuli, can be 
produced by faster moving stimuli even when the peak response to the 
faster stimulus is less than that for the slower adapting stimulus, 
and when the faster stimulus has a contrast the same or lower than the 
slower adapting grating.
One interesting twist to the data is that the majority of complex 
cells within the group in table 2 were in layers where complex cells 
have been shown to project to the Clare-Bishop area (Henry et al. 
1978), where the cells encountered have very large receptive fields 
but spatial frequency tuning akin to that of area 17 complex cells (Di 
Stefano et al. 1984). The data presented here suggest that adaptation 
of regions of Clare-Bishop cell receptive fields might well provide 
information on their construction and function.
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Summary
Neurons i n  the  l o b u l a  p l a t e  of the b u t t e r f l y  P a p i l i o  show 
a d a p t iv e  p r o p e r t i e s  s i m i l a r  t o  t h o s e  shown by analoguous u n i t s  in  
f l i e s .  Bas ic  r e sp o n se  p r o p e r t i e s  such as r e c e p t i v e  f i e l d  shape ,  
d i r e c t i o n  s e l e c t i v i t y  and temporal  and s p a t i a l  f requency  th r e s h o l d  
tu n in g  curves  a l s o  show s i m i l a r i t y  t o  f l y  neu rons .  One n o t a b l e
d i f f e r e n c e  i s  th e  s t e e p  low s p a t i a l  f requency  r o l l - o f f  of the  
b u t t e r f l y  c e l l s .  Also e x c e p t io n a l  i s  the apparen t  temporal  a c u i t y  of  
the  b u t t e r f l y  c e l l s ,  as determined by p a t t e r n s  jumped by d i s c r e t e  
d i s t a n c e s .  The r e s p o n s e s  to  b r i e f  d i sp la cem e n ts  become more b i p h a s i c ,  
and t h e  re sponse  phases  more nar row, when c e l l s  a re  adap ted  to  
con t inuous  mot ion,  p robab ly  i n d i c a t i n g  an i n c r e a s e  i n  temporal  
r e s o l u t i o n .  I t  i s  a l s o  shown t h a t ,  as i n  f l i e s ,  a d a p t a t i o n  t o  
con t inuous  motion r e s u l t s  in  th e  c e l l s  coding mot ion as a p ro p o r t i o n  
of t h e  mean motion s i g n a l .  Experiments  on b l o w f l i e s  w i th  t h e  same
s t i m u l i  i n d i c a t e  a p r e v io u s l y  unsuspec ted  h e t e r o g e n e t i t y  of  temporal  
a c u i t i e s  i n  f l y  lo b u l a  p l a t e  neurons .
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I n t r o d u c t i o n
M o t io n - s e n s i t i v e  neurons  in  L e p id o p te r a  have be known f o r  some 
time ( C o l l e t t  and B l e s t  1966) ,  w i th  t h e  m a j o r i t y  of work on hawk moths 
( C o l l e t t  1970,1971,1972,  Rind 1983a, 1983b) a l th o u g h  t h e r e  a r e  r e p o r t s  
of such c e l l s  in  b u t t e r f l i e s  ( e . g .  Swihar t  1969).  On t h e  o th e r  hand,  
the  temporal  and s p a t i a l  f requency  tu n in g  of motion s e n s i t i v e  
i n t e r n e u r o n s  of b l o w f l i e s  has been i n v e s t i g a t e d  to  q u a n t i f y  the  
n eu ro n s ’ re sponses  and ga in  some i n s i g h t  i n t o  t h e i r  p r e s y n a p t i c  
c i r c u i t r y  ( e . g .  Zaagman e t  a l .  1978, Dvorak e t  a l .  1980, Mastebroek e t  
a l . 1 9 8 0 ,  S r in iv a s a n  and Dvorak 1980).  S ince t h a t  t ime th e  f l y  mot ion- 
s e n s i t i v e  neuron H1 has been ana ly se d  in  te rms of i t s  " v e l o c i t y  
im pu lse - re sponse"  ( S r in iv a s a n  1983, Zaagman e t  a l . 1983),  w i th  the
l a t t e r  au th o rs  showing t h a t  the  c e l l  neuron i n c r e a s e s  i t s  time 
r e s o l u t i o n  as average  v e l o c i t y  i n c r e a s e s .  Zaagman e t  a l . (1983) 
i n t e r p r e t e d  t h i s  a d ap t iv e  c h a r a c t e r  i n  te rms of d e b l u r r i n g .  Maddess 
and Laughl in  (1985,  Chapter  1) found t h a t ,  as w el l  as  i n c r e a s i n g  th e  
n eu ro n ’ s temporal  r e s o l u t i o n ,  the  a d a p t a t i o n  o p e r a t e d  in d e p e n d e n t ly  i n  
d i f f e r e n t  eye r e g i o n s ,  and t h a t  by a d a p t i n g ,  t h o s e  l o c a l  u n i t s  respond  
to  the  " v e l o c i t y  c o n t r a s t "  in  t h e i r  eye r e g i o n .
B u t t e r f l i e s ,  l i k e  f l i e s ,  have a lo b u l a  p l a t e  ( S t r a u s f e l d  and 
B le s t  1970) and so i t  seems l i k e l y  t h a t  c e l l s  of the b u t t e r f l y  l o b u l a  
p l a t e  might e x h i b i t  some of the  c h a r a c t e r s  of t h e  f l y  H1 neuron;  any 
d i f f e r e n c e s  would a l s o  be of i n t e r e s t .  This  s tudy  i s  a p r e l i m i n a r y  
i n v e s t i g a t i o n  of the  c h a r a c t e r  of m o t i o n - s e n s i t i v e  c e l l s  in  th e  lo b u l a  
p l a t e  of the b u t t e r f l y  P a p i l i o  ae g e u s , u s in g  some of the t e c h n iq u e s  
r e c e n t l y  a p p l i e d  t o  f l i e s .  Some exper im en ts  on t h e  sheep b low f ly
L u c i l i a  c u p r in a  a re  i n c lu d e d  f o r  comparison.
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Methods
Animals and p r e p a r a t i o n
The s w a l l o w - t a i l  b u t t e r f l y  P a p i l i o  aegeus was c o l l e c t e d  l o c a l l y  
or r a i s e d  from c a t e r p i l l a r s  found in  th e  Canberra  a r e a .  Male and 
female b u t t e r f l i e s  were used,  and no s e x - s p e c i f i c  re sponse  
c h a r a c t e r i s t i c s  were r e a d i l y  o b s e rv a b le .  A f t e r  t h e i r  wings were 
c l ip p e d  the  an imals  were waxed (50$ bees wax and 50$ c e l l o  r e s i n )  t o  
an a r t i c u l a t e d  s t a n d .  T he i r  heads were t i l t e d  s l i g h t l y  fo rw ard ,  t h e  
s c a l e s  of the neck r e g i o n  removed and a ho le  was cut  t o  r e v e a l  the 
r e g io n  of t h e  lo b u l a  p l a t e ;  u s u a l l y  on th e  a n i m a l ' s  r i g h t - h a n d  s i d e .  
The l a r g e  t r a c h e a  cover ing  the  l o b u l a  p l a t e  were l e f t  i n t a c t ,  excep t  
in p r e l i m i n a r y  e x p e r im en t s ,  and t u n g s t e n  in  g l a s s  ( M e r r i l l  and 
Ainsworth 1972) were t h r u s t  between the  t r a c h e a  t o  re a c h  th e  b r a i n .  
Records from s i n g l e  u n i t s  were a m p l i f i e d  by s t a n d a r d  methods and 
conver ted  t o  uniform 0.5  ms p u l s e s  a f t e r  d e t e c t i o n  by a l e v e l  
d i s c r i m i n a t o r .  P u lses  were e i t h e r  r eco rd ed  by th e  computer 
c o n t r o l l i n g  the  s t im u lu s  ( D i g i t a l  E l e c t r o n i c s  Company L S I -1 1/03) 
a nd /o r  t a p e  r e c o rd e d  f o r  l a t e r  a n a l y s i s .  I t  was d i f f i c u l t  t o  o r i e n t  
the  an imals  e x a c t l y  t o  the  CRT face  because  t h e i r  b lack  eyes obscure 
t h e i r  p se u d o p u p i l s ,  but  an a t tem p t  was made to  have th e  animals  
s q u a r e ly  view the  c e n t r e  of  the CRT. Comparisons of r e c e p t i v e  f i e l d  
maps from i p s i l a t e r a l l y  and c o n t r a l a t e r a l l y  r e c o rd e d  c e l l s  showed t h a t
Q
h o r i z o n t a l  a l ignment was good t o  w i t h i n  +_ 10 . The r e l a t i v e l y  f l a t
r e c e p t i v e  f i e l d s  of v e r t i c a l  c e l l s  made acc u racy  of a l ignm en t  in  th e  
v e r t i c a l  d i r e c t i o n  l e s s  c e r t a i n .  Recep tive  f i e l d  h i s to g ra m s  were 
smoothed by th e  Gauss ian  i n t e r p o l a t i o n  scheme d e s c r ib e d  i n  Chapter  *1
Methods .
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Experiments  and s t i m u l i
C e l l s  were f i r s t  c h a r a c t e r i s e d  by t h e i r  p r e f e r r e d  d i r e c t i o n  us ing  
a s i n u s o i d a l  g r a t i n g  of c o n t r a s t  0.8 and wavelength  7 . 8 ° ,  t h i s  was 
chosen on the  grounds t h a t  t h e  R e ic h a rd t  c o r r e l a t i o n  model p r e d i c t s  
t h a t  the  optimum s t im u lu s  shou ld  have a wavelength  M t imes  the 
in t e r o m m a t id i a l  an g le ,  ig n o r i n g  f o r  t h e  moment dem odula t ion by the  
co rnea l  l e n s e s .  Exper ience  d i c t a t e d  t h a t  the  optimum temporal  
f requency  was around 6 to  8 Hz. I n i t i a l l y  the  g r a t i n g  was moved in  
3 s p e r io d s  of t o - a n d - f r o  mot ion  i n t e r l e a v e d  between equal  p e r io d s  
when th e  g r a t i n g  remained  s t a t i o n a r y  on t h e  CRT. In  g e n e ra l  8 to  10 
t r i a l s  were averaged i n t o  0 .3  s h is tog ram  b i n s .  O c c a s io n a l ly ,  the  
change in  a c e l l ’ s s e n s i t i v i t y  to  con t in u o u s  motion was m on i to red  in  
t r i a l s  w ith  longe r  p r e s e n t a t i o n  t im e s .  Both v e r t i c a l  and h o r i z o n t a l  
o r i e n t a t i o n s  were t e s t e d ,  and only 2 c e l l s  proved s e n s i t i v e  to  bo th .  
When the  p r e f e r r e d  o r i e n t a t i o n  was e s t a b l i s h e d ,  a c e l l ’ s r e c e p t i v e  
f i e l d  was determined by r e p e a t e d l y  sweeping a b r i g h t  (180/6 of t h e  mean
Q
luminance) bar  (1 .2  wide a t  the CRT c e n t r e )  a c r o s s  the  CRT. 
Experiments  to  c h a r a c t e r i s e  r e c e p t i v e  f i e l d s  i n  the  p r e f e r r e d  and the  
o r thogona l  o r i e n t a t i o n  w i th  b a r s ,  which were s i n u s o i d a l l y  modulated  in  
time about  t h e  mean lum inace ,  met w i th  l i m i t e d  s u c c e s s  due t o  t h e  
r e l a t i v e  i n e f f e c t i v e n e s s  of t h e se  s t i m u l i .
The th r e s h o l d  c o n t r a s t s  (Ray le igh )  f o r  d i f f e r e n t  s p a t i a l  and 
temporal  f r e q u e n c i e s  were de termined  in  t r i a l s  w i th  s i n u s o i d a l  
g r a t i n g s  p r e s e n te d  f o r  3 s  p e r io d s  of motion in  th e  p r e f e r r e d
d i r e c t i o n ,  i n t e r l e a v e d  w i th  equa l  p e r io d s  of no mot ion .  The means and 
s t a n d a r d  d e v i a t i o n s  of t h e  t o t a l  number of sp ik e  counts  were
c a l c u l a t e d  f o r  moving and s t a t i o n a r y  phases  r e p e a t e d  8 t o  10 t i m e s .  A
s t im u lu s  was t a k e n  to  be below t h r e s h o l d  when t h e  mean s p i k e  number
Chapter  I I I Page 108
plus  a s t a n d a r d  d e v i a t i o n  from t h e  moving phases  was g r e a t e r  th a n  the
mean count  from the  s t a t i o n a r y  phase minus t h e i r  s t a n d a r d  d e v i a t i o n .
Near t h r e s h o l d  t h e r e  was no a d a p t a t i o n  of th e  r e s p o n s e  to  3 s of
mot ion.  At f i r s t ,  the  temporal  tu n in g  was e s t a b l i s h e d  w i th  the  same
g r a t i n g  used t o  f i n d  th e  p r e f e r r e d  o r i e n t a t i o n .  As expec ted  from th e
c o r r e l a t i o n  model arguement given above,  t h i s  g r a t i n g  proved t o  be
w i th in  a few hu n d re th s  of a cyc le  per degree  of t h e  optimum s p a t i a l
f r equency .  Once the  optimum temporal  f requency  was e s t a b l i s h e d ,
c o n t r a s t  t h r e s h o l d s  were de termined  f o r  d i f f e r e n t  s p a t i a l  f r e q u e n c i e s .
The mean luminance f o r  a l l  the exper im en ts  d e s c r ib e d  so f a r  was 4 cd 
- 2m , s t i m u l i  be ing  p r e s e n t e d  on a T e k t r o n i c s  öO^A monitor  d r iv en  by a 
p r e v io u s l y  d e s c r ib e d  computer c o n t r o l l e d  v ideo  d i s p l a y  u n i t  (Dvorak e t  
a l . 1980). G ra t in g s  were d i s p la y e d  in  a 10 cm d iamete r  window 10 cm 
from the  an imal.  D r i f t i n g  l i n e s  were p r e s e n t e d  wi th  th e  c i r c u l a r  
a p e r t u r e  removed t o  d i s p l a y  th e  r e c t a n g u l a r  f a c e  of  the CRT.
V e lo c i ty  impulse r e s p o n s e s  were de te rm ined  f o r  a d i f f e r e n t  
s t im u lu s ,  which was i n t r o d u c e d  on the  o c c a s i o n  of  the breakdown of the 
video d i s p l a y  d r i v e r .  This  s t im u lu s  c o n s i s t e d  of 128 luminous do ts  
(0 .1 °  d ia m e te r )  a r r a n g e d  in  a m a t r ix  a c r o s s  the  CRT. The background 
luminance was provided  by dim in c a n d e s c e n t  room l i g h t  s c a t t e r e d  i n t o  
the Faraday cage hous ing the  animal and was 100 t imes  dimmer than  the  
d o t s .  Some sheep b l o w - f l i e s ,  L u c i l i a  c u p r i n a , r a i s e d  i n  depa r tm en ta l  
f a c i l i t i e s ,  were a l s o  t e s t e d  with  t h i s  s t i m u l u s ,  as a c o n t r o l  t o  
confirm t h a t  the  r e s p o n s e s  g e n e ra te d  f o r  the  dot s t im u lu s  were 
c o n s i s t e n t  with  r e s u l t s  o b t a in e d  f o r  g r a t i n g s .  The c o o r d i n a t e s  of t h e  
do ts  were o b ta in e d  from a t a b l e  of random numbers, and were a r r anged  
on th e  v e r t i c e s  of a g r i d  of 100 by 100 inc rem en ts  spanning  t h e  CRT 
f a c e .  The m a t r ix  of dots  was squa re  and broad  enough t o  span the  CRT
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along i t s  long  a x i s  ( h o r i z o n t a l ) .  This  meant t h a t  some do ts  f e l l  in 
t h e  r e g io n  o f f  th e  edges of th e  s h o r t e r  v e r t i c a l  span of t h e  s c r e e n  
but in s u re d  t h a t  when the  do ts  were moved in  the  h o r i z o n t a l  or 
v e r t i c a l  d i r e c t i o n  t h a t  th e  d e n s i t y  of do ts  was th e  same.
Since  the  do ts  l a y  on the  v e r t i c e s  of a g r i d  t h e r e  was a minimum
Q
d i s t a n c e  between them of 1.3 a t  the  CRT c e n t r e .  The do ts  were 
c o n t in u o u s ly  redrawn and a new s e t  was f i n i s h e d  every 6.57  ms, a t  
which t ime the  p o s i t i o n  of  the do ts  could  be r e s e t  t o  produce an 
apparen t  coheren t  d isp lacem en t  of the d o t s .  When th e  t r a v e l l i n g  do ts  
reached  t h e  f a r  edge of t h e  CRT th e y  immedia te ly  r e a p p e a re d  a t  th e  
o p p o s i t e  edge,  i . e .  they  "wrapped a round" .  V e r t i c a l  and h o r i z o n t a l  
motion was ach ieved  by swapping th e  channe ls  r e s p o n s i b l e  f o r  t h e  
v e r t i c a l  and h o r i z o n t a l  c o o r d in a t e s  of the d o t s ,  t h i s  ensured  t h a t  the  
same sequence  of do ts  was p r e s e n t e d  f o r  mot ion  in  bo th  o r i e n t a t i o n s .  
The s m a l l e s t  dot d isp lacem en t  was 100 t imes  l e s s  than the  minimum gap 
between do ts  and so ,  in c o n c e r t  w ith  t h e  r e f r e s h  t im e ,  al lowed  d r i f t  
r a t e s  a slow as 2° per  second or  s i n g l e  d i sp la cem e n ts  of 0 .13° .  The 
t r i a l  t ime f o r  a l l  t h e s e  exper iments  was 1.68 s or 256 complete  s e t s  
or "frames"  of d o t s ,  and between 100 and M00 t r i a l s  were ave raged  f o r  
each t e s t  c o n d i t i o n .  Spike t r a i n s  and f ram e-by-f ram e s y n c h ro n iz i n g  
p u l s e s  were r e c o rd e d  on aud io  t a p e  f o r  l a t e r  a n a l y s i s .  V e lo c i ty  
increments  or decrements were p r e s e n t e d  on the  top  of  an a d a p t in g  
v e l o c i t y  which v a r i e d  from 0 t o  80° per  second.
F i n a l l y ,  t h e  r e s p o n s e  to  d i f f e r e n t  t e s t  v e l o c i t i e s  was determined 
with  and w i thou t  a d a p t a t i o n  t o  a c o n s t a n t  v e l o c i t y .  The s t im u lu s  was 
a p r e v io u s l y  d e s c r ib e d  a p e r i o d i c  g r a t i n g  (Maddess and Laughl in  1985,
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Chapter 1) whose distribution of contrasts and spatial frequencies was 
close to the normal environmental condition. Velocity-response 
functions were determined by changing the velocity of the aperiodic 
grating from the adapting velocity to the test velocity for 104 ms 
once every 1.66 s, and 100 to 300 trials were averaged to obtain a 
result. When the adapting velocity was not zero, both increments and 
decrements of velocity were tested. Time invarience was determined by 
retesting at the initial test velocity. Response was defined as the 
average spike rate in the 104 ms period starting 20 ms after the test 
velocity commenced, 20 ms being the closest attainable approximation 
of the delay time of the response.
Chapter III
Figure 1
(a) A post stimulus histogram showing the averaged directionally 
selective response of a Papilio lobula plate neuron to 8 presentations 
of the following sequence: no motion, motion to the right, no motion, 
and motion to the left. Motion to the animal’s right corresponds to 
posterior to anterior motion, and the grating stimulus was as 
described in Methods. (b) The same cell's receptive field as obtained 
by moving a 1.2 wide bright line (180% of the mean luminance) in the 
cell’s preferred direction at 50° per second, the figure is the 
average of 200 repetitions and was filtered with the Gaussian 
interpolation procedure described in Methods. The abscissa markers
Q
correspond to 10 at the CRT centre. The dashed line is the 
approximate position of the animal’s midline. Unless otherwise 
stated the experimental conditions described here are the same for the
following 3 figures.
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(a)  D i r e c t i o n a l  re sponse  of  a c e l l  to  15 s p e r io d s  c o n t a in in g :  no 
motion ,  upward mot ion,  no mot ion ,  downward mot ion .  D e s p i t e  th e  
r e l a t i v e l y  high sp ik e  r a t e ,  the  c e l l  i s  not  i n h i b i t e d  by upward 
motion ,  i . e .  i t  i s  r e c t i f y i n g  or ’'monopolar" i n  i t s  r e s p o n s e  to  
v e l o c i t y ,  (b)  The r e c e p t i v e  f i e l d ,  as  de termined  fo r  the  c e l l  in  
f i g u r e  1 but w ith  a c o n s t a n t  b ia s  removed to  enhance t h e  r e c e p t i v e
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(a)  A c e l l  with  near  equal  am pli tude  r e s p o n s es  to  r ig h t w a rd  
( i n h i b i t o r y  second p h a s e ) , and l e f t w a r d  ( e x c i t a t o r y  f o u r t h  phase)  
motion .  Unlike f i g u r e s  1 and 2, motion was p r e s e n t e d  f o r  only 3 s in  
each phase.  Experiments  wi th 3 s t e s t  p e r io d s  on th e  c e l l s  of f i g u r e s  
1 and 2 did  not  a l t e r  t h e i r  monopolar  r e s p o n s e s .  (b)  The r e c e p t i v e  
f i e l d  of the  same c e l l ,  but  i n  t h i s  case  only 100 t r i a l s  were
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(a)  A c e l l  with  d i r e c t i o n a l  s e l e c t i v i t y  as in  f i g u r e  3 but  
showing b in o c u la r  p r o p e r t i e s ,  (b) The r e c e p t i v e  f i e l d  ( s o l i d  l i n e )  of 
the  c e l l  of (a)  shown w i th  the  r e c e p t i v e  f i e l d  of a c o n t r a l a t e r a l  c e l l  
(d o t t e d  cu rve)  r eco rd ed  im media te ly  a f t e r  th e  c e l l  in  (a)  was l o s t .  
The r e c e p t i v e  f i e l d  h i s tog ram s  a re  shown a t  the  same o r d i n a t e  s c a l e .  
The two each  appear  to  be s u p p l i e d  with  i n h i b i t o r y  in fo rm a t io n  about
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R e s u l t s
Receptive  f i e l d s  and p r e f e r r e d  o r i e n t a t i o n s
Al l  but 2 c e l l s  gave d i r e c t i o n a l l y  s e l e c t i v e  r e s p o n s e s  to  e i t h e r  
h o r i z o n t a l  or v e r t i c a l  mot ion,  t h o s e  two c e l l s  being  s e n s i t i v e  to  
bo th ,  bu t  aga in  on ly  t o  one p o l a r i t y  of  motion in  e i t h e r  o r i e n t a t i o n .  
The o r i e n t a t i o n  p r e f e r e n c e  of a c o n t r a l a t e r a l  c e l l  r e c o rd e d  from the  
a n i m a l ' s  r i g h t  l o b u l a  p l a t e  ( f i g u r e  1a) and i t s  r e c e p t i v e  f i e l d  
( f i g u r e  1b) show marked s i m i l a r i t y  t o  th e  behaviour  of t h e  f l y  neuron 
H1; two of t h e s e  c e l l s  were found.  Also conspicuous  i s  the  change in  
s e n s i t i v i t y  s u g g e s te d  by th e  g r a d u a l l y  waning re sponse  d u r in g  the  15 s 
of p r e f e r r e d  mot ion ,  and d u r ing  t h i s  p e r io d  the  r e sp o n se  does not  come 
to  a s t e a d y  s t a t e .  S i m i l a r  p r o p e r t i e s  were shown by an i p s i l a t e r a l l y  
reco rded  c e l l  s e n s i t i v e  t o  downward mot ion  ( f i g u r e  2a);  two such c e l l s  
were r e c o rd e d  from. Again th e  c e l l  showed a g radua l  re sponse  d e c l i n e  
over 15 s of p r e f e r r e d  motion.  The r e c e p t i v e  f i e l d  ( f i g u r e  2b) was 
not as l o c a l i s e d  as was t h a t  of the h o r i z o n t a l  c e l l  in  f i g u r e  1b, in  
f a c t  a b ia s  of ^0 impulses  per  second has been removed from th e  
h is togram of f i g u r e  2b t o  enhance the  bowed envelope of the  r e c e p t i v e  
f i e l d .
Other c e l l s  tended  t o  have high background d i s c h a rg e  r a t e s  and 
responded t o  mot ion  in  t h e  n o n p re f e r r e d  d i r e c t i o n  wi th  a marked 
dec rease  in  s p i k e r a t e  so t h a t  r e sponses  took on a more b i p o l a r  
c h a r a c t e r  th a n  th o s e  d e s c r ib e d  above ( f i g u r e  3) .  Of s i x  such c e l l s  
one was s e n s i t i v e  t o  upward mot ion,  one t o  downward motion; both  
i p s i l a t e r a l ,  and fou r  c e l l ’ s p r e f e r r e d  h o r i z o n t a l  mot ion  i n  the  
d i r e c t i o n  coun te r  t o  th e  f low f i e l d  as H1. The u n i t  i n  f i g u r e  3 was 
r eco rded  i p s i l a t e r a l l y  and p r e f e r r e d  c o u n t e r - f l o w - f i e l d  motion.  A
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C o n t ra s t  s e n s i t i v i t y  (1 / t h r e s h o l d - c o n t r a s t ) as  a f u n c t i o n  of 
tempora l  f requency .  (a) H o r i z o n ta l  c e l l s :  tu n in g  cu rves  f o r  th e
c e l l ' s  of f i g u r e  1 ( s o l i d  c i r c l e s ) ,  and the  c e l l  of f i g u r e  Ma,b (open 
c i r c l e s ) .  V e r t i c a l  c e l l s :  t h e  c e l l  of f i g u r e  2 ( s o l i d  c i r c l e s ) ,  and 
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C on tra s t  s e n s i t i v i t y  as a f u n c t i o n  of s p a t i a l  f requency  f o r  two 
c e l l s  s e n s i t i v e  to downward motion:  th e  c e l l  of f i g u r e  2 ( c i r c l e s ) ,  
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C o n t ra s t  s e n s i t i v i t y  as a f u n c t i o n  of  s p a t i a l  f requency  measured 
a t  8Hz f o r  the  c e l l  of f i g u r e  4a ,b  ( s o l i d  l i n e  in  4b).
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v a r i a n t  on the  b i p o l a r  r e spond ing  c e l l s  was an i p s i l a t e r a l -  
c o n t r a l a t e r a l  p a i r  ( f i g u r e  4) , which each appeared t o  be i n h i b i t e d ,  
e i t h e r  d i r e c t l y  or  i n d i r e c t l y ,  by t h e  o th e r  p ro v id in g  an i n t e r e s t i n g  
b in o c u la r  i n t e r a c t i o n  ( f i g u r e  4b) .  The c e l l  whose r e c e p t i v e  f i e l d  i s  
drawn with  do ts  was found immediately  a f t e r  l o s i n g  s i g h t  of th e  o th e r  
(smooth c u r v e ).
S p a t i a l  and tempora l  f requency  tu n in g
A s i g n i f i c a n t  f e a t u r e  of  the c e l l s  s t u d i e d  was t h a t  the  8 c e l l s  
whose t h r e s h o l d  c o n t r a s t s  were de te rmined  f o r  a range  of temporal  
f r e q u e n c i e s  a l l  showed p r e f e r r e d  temporal  f r e q u e n c i e s  around 8 t o  10 
Hz, a l though  th e  t h r e s h o l d  tu n in g  cu rves  were broad;  two o th e r  c e l l s  
had t h e i r  o r i e n t a t i o n  s e l e c t i v i t y  t e s t e d  a t  8 Hz, and the y  responded 
v ig o ro u s ly .  Th is  was t r u e  f o r  c e l l s  of a l l  d i r e c t i o n a l  s e l e c t i v i t i e s  
( f i g u r e  5) i n d i c a t i n g  s i m i l a r  tempora l  tu n in g  mechanisms in  t h e i r  
p r e s y n a p t i c  s u b u n i t s .  As i n  f l i e s  ( S r i n i v a s a n  and Dvorak 1980),  
s p a t i a l  f requency  t h r e s h o l d  curves  ( f i g u r e s  6,7 and 8) p rov ided  s t r o n g  
ev idence  th e  s p a t i a l  f requency  s e l e c t i v i t y  of b u t t e r f l y  l o b u l a  p l a t e  
c e l l s  i s  s e t  by much s m a l l e r  s u b u n i t s  s i n c e  the  tu n in g  i n  no way 
resem bles  t h e  F o u r i e r  t r a n s fo rm  of t h e  l o b u l a  p l a t e  c e l l s ’ r e c e p t i v e  
f i e l d ,  bu t  i s  c o n s i s t e n t  w i th  smal l  r e t i n o t o p i c  u n i t s .  A f e a t u r e  of 
a l l  t h e  r e s p o n s e s  i s  t h e  s t e e p  low f req u en cy  r o l l - o f f ,  which i s  q u i t e  
un l ike  t h a t  in  f l y  H I , p a r t i c u l a r l y  a t  temporal  f r e q u e n c i e s  around 
10 Hz (Dvorak e t  a l .  1980).
V e lo c i ty  impulse  s t i m u l i
The high temporal  a c u i t y  su g g e s te d  above by th e  temporal  
f requency  tu n in g  cu rves  seen  was born out  by the  c e l l s  r e s p o n s e s  t o  
b r i e f  d i sp la cem e n ts  of a f i e l d  of do ts  ( f i g u r e s  9 , 1 0 ) .  Temporal
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A number of d i s c r e t e  jumps of the whole f i e l d  of do ts  was made 
t o  give a t o t a l  d isp lacem en t  of 64 d i s t a n c e  u n i t s  each of  0 .13°  or a 
t o t a l  d isp lacement  of 0 .83° ,  and each jump was made by s h i f t i n g  the  
do ts  by some number of d i s t a n c e  u n i t s  in 6.57 ms. (a) 1 jump of 64 
u n i t s ,  (b)  4 jumps of 16 u n i t s ,  (c )  16 jumps of 4 u n i t s .  The
b u t t e r f l y  neuron e a s i l y  d i s c r i m i n a t e s  t h e  mode of p ro d u c t io n  of the  
t o t a l  0 .83°  d i s p la c e m e n t ,  ( d - f )  P a i r s  of s i n g l e  jumps of 64 u n i t s  
p r e s e n te d  t o  t h e  same neuron .  The jumps were s e p a r a t e d  by: (d) 40 ms, 
(e)  197 ms, ( f )  617 ms. The s t a n d a r d  d e v i a t i o n  i n  the  h e i g h t s  of the 
re s p o n s es  t o  t h e  f i r s t  jump, de te rmined  f o r  6 i n t e r - j u m p  p e r i o d s ,  was 
16 im pulses  per  second ,  so th e  d i f f e r e n c e s  seen in  th e  second jump 
am pli tudes  of ( d - f )  were judged to  be i n s i g n i f i c a n t .  A l l  r e s p o n s e s  
( a - f )  a r e  averages  of 100 p r e s e n t a t i o n s .  The c e l l  resembled a f l y  HI 
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V e lo c i ty  impulse re s p o n s es  a re  sharpened  by a d a p t a t i o n  t o  
con t inuous  motion fo r  a c e l l  s e n s i t i v e  to  downward mot ion .  (a) 
Response t o  a jump of 16 u n i t s  (0 .21°)  w i th  no a d a p t in g  v e l o c i t y ,  (b-  
d) Responses to  a s i n g l e  d isp lacem en t  of 64 u n i t s  (0 .83°)  when the  
a d a p t in g  v e l o c i t y  was: (b) 10° per  second,  (c )  20° per  second,  (d)  and 
50°.  All  responses  a re  averages  of 200 t r i a l s .
trial time / ms »10trial time / ms «10
trial time / ms »10 trial time / ms »10
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a c u i t y  was t e s t e d  i n  two ways.  The f i r s t  in v o lv ed  the  c e l l ’ s a b i l i t y  
to  d i s t i n g u i s h  s t i m u l i  p r e s e n t e d  fo r  a range  c o n d i t i o n s  where the  
product  of v e l o c i t y  and d u r a t i o n  l e d  t o  th e  same d isp lacem en t  ( f i g u r e  
9 a , b , c ) .  The second t e s t  in v o lv ed  t h e  n e u r o n ' s  a b l i t i t y  t o  r e s o l v e  
two t e m p o ra l ly  d i s p l a c e d  jumps ( f i g u r e  9 d , e , f ) .  The l a t t e r
exper iment t e s t s  a small  r e g i o n  of th e  c e l l ’ s second orde r  ke rne l  as 
d e f ine d  by Krause (1975) ,  i . e .  any s t r o n g  i n h i b i t i o n  or  f a s c i i i t a t i o n  
of t h e  second impulse by t h e  f i r s t  would i n d i c a t e  n o n l i n e a r  terms 
would be r e q u i r e d  t o  e x p l a i n  th e  c e l l ' s  r e s p o n s e .  Some examples of 
t e s t s  of t h e  f i r s t  kind a re  shown f o r  t h r e e  c o n d i t i o n s  p roducing  a 
t o t a l  d isp lacem en t  of 0 .8 3 ° ,  i n  1,4 and 16 jumps each l a s t i n g  6.57 ms. 
The c o n d i t i o n s  a r e  s i m i l a r  t o  th o se  used by S r i n i v a s a n  (1983) on H1, 
as i s  the t r i a l  p e r io d .  In t h o s e  exper im en ts  S r i n i v a s a n  showed t h a t  
t h e  i n t e g r a t i o n  t ime of  H1 under t h e s e  c o n d i t i o n s  was so long  t h a t  th e  
neuron summed l i n e a r l y  over 50 t o  60 ms and so y i e ld e d  much the  same 
re sp o n se  to  combinations  of v e l o c i t y  and mot ion  d u r a t i o n  l i k e  t h o s e  in  
f i g u r e  9 a , b , c .  By c o n t r a s t  the P a p i l i o  h o r i z o n t a l  c e l l  e a s i l y  
d i s t i n g u i s h e s  t h e  s t i m u l i  and r e s o l v e s  t h e i r  time c o u r s e s ,  i n d i c a t i n g  
a s h o r t e r  i n t e g r a t i o n  t ime of  5 t o  10ms. Three examples of responses  
to  p a i r s  of jumps show r e s o l u t i o n  of s e p a r a t e  jumps f o r  narrow 
d isp lacem en ts  and no l a r g e  i n t e r a c t i o n  between jump r e s p o n s e s .
Experiments were a l s o  done where t h e  r e s p o n s e  t o  s i n g l e  
d isp lacem en ts  were p la ced  i n  a s lower  c o n t iu o u s  background v e l o c i t y .  
The re s p o n s es  of the  h o r i z o n t a l  c e l l  i n  f i g u r e  10, de te rmined  fo r  
background a n g u la r  v e l o c i t i e s  of 0, 10, 20 and 50° per  second ,  show a 
marked f o r e s h o r t e n i n g  of an a p p a r e n t  i n h i b i t o r y  phase w i th  i n c r e a s i n g  
adap t ing  v e l o c i t y ,  s u g g e s t i n g  a s t r a t e g y  l i k e  p r e d i c t i v e  coding 
( S r in iv a s a n  e t  a l .  1982) governs  t h e  te m pora l  r e s o l u t i o n  of the  c e l l .
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Responses of the same c e l l  as in  f i g u r e  10 t o  s i n g l e  jumps of
Q
0.82 in  the  c e l l ' s  p r e f e r r e d  d i r e c t i o n  when the  a d a p t in g  v e l o c i t y  was
o oi n  th e  n o n p re fe r red  d i r e c t i o n  a t :  (a)  -10 per  second,  (b) -50 per
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D i r e c t i o n a l  s e l e c t i v i t y  of  two L u c i l i a  l o b u l a  p l a t e  n e u ro n s ,  (a )  
a c e l l  t e n t a t i v e l y  i d e n t i f i e d  as a VS1 c e l l  r e s p o n d in g  t o  t o - a n d - f r o  
motion of the f i e l d  of do ts  p r e s e n t e d  i n  th e  o rd e r :  no mot ion ,  upward
motion ,  no motion,  downward mot ion ,  the  t e s t  angu la r  speeds  were 20° 
per  second .  (b) O r i e n t a t i o n  p r e f e r e n c e  of an H1 c e l l  t o  sequence  of 
s t i m u l i ,  no motion ,  r i g h t w a r d  mot ion ,  no mot ion ,  l e f t w a r d  mot ion .  The 
background d i s c h a rg e  of t h i s  c e l l  was somewhat lower t h a n  t h e  normal
r a t e  of about  15 im pulses  per  second .
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I f  th e  c e l l  can be t a k e n  to  be l i n e a r  t h e  f o r e s h o r t e n i n g  and nar rowing 
of the e x c i t a t o r y  phase i n d i c a t e  an i n c r e a s e  i n  temporal  r e s o l u t i o n  
and a d a p t iv e  p r o c e s s e s  l i k e  t h o s e  s een  in  f l y  lo b u l a  p l a t e .  
U n f o r t u n a t e l y ,  the  tempora l  r e s o l v i n g  power of th e s e  c e l l s  meant t h a t  
t h e  r e s p o n s e s  in  t h i s  s e c t i o n  could  not  be co n s id e re d  as t r u e  
v e l o c i t y - i m p u l s e  r e s p o n s e s .  The exper im en ts  n o n e t h e l e s s  dem ons t ra te  
t h e  magnitude  of th e  c e l l s '  tempora l  a b i l i t i e s .
When the  a d a p t in g  v e l o c i t y  was in  t h e  n o n p r e f e r r e d  d i r e c t i o n  the  
wid th  of t h e  r e s p o n s e  measured f o r  s lower backgrounds i s  somewhat 
narrower than  t h a t  f o r  f a s t e r  ad ap t in g  v e l o c i t i e s  ( f i g u r e  11).  This  
narrowing may i n d i c a t e  a d a p t a t i o n  t o  t h e  f a s t e r  moving background or 
s imply  a qu icke r  onse t  of i n h i b i t i o n  by the  s t r o n g e r  n o n p r e f e r r e d  
s t i m u l u s .
Comparison w i th  f l i e s
The d r i f t i n g  dot  p a t t e r n  was a l s o  t e s t e d  on f l y  l o b u l a  p l a t e  
neurons  to  c o n t r o l  f o r  any unexpected e f f e c t s  of th e  dot  s t i m u l u s .  As 
in  b u t t e r f l i e s ,  c e l l s  were found in  f l i e s  which had h igh  r e s t i n g  
d i s c h a rg e  r a t e s  but  they  did not  respond  in  a dec id ed ly  b i p o l a r  
f a s h io n  t o  t o - a n d - f r o  mot ion ( f i g u r e  12a) .  The H1 neuron has q u i t e
low background d i s c h a rg e  r a t e s  ( f i g u r e  12b) ,  and so cannot  s i g n a l  
n o n p re f e r r e d  motion a c c u r a t e l y .  V e lo c i ty  impulse  r e s p o n s e s  of the 
v e r t i c a l  c e l l  of f i g u r e  12a were narrow even in  th e  unadapted case 
( f i g u r e  13a) ,  and became nar rower  and b i p h a s i c  when th e  c e l l  was 
adap ted  to  con t inuous  motion ( i n s e t  f i g u r e  13a) .  Judg ing  by i t s  
i p s i l a t e r a l  p o s i t i o n  and p r e f e r e n c e  f o r  downward mot ion  t h i s  c e l l  may 
be th e  V1 c e l l  a d o p t in g  th e  nomencla ture  of Hausen (1976) .
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F ig u re  13
Responses to  one jump of t h e  f i e l d  of do ts  by 0 .83°  in  a sample 
of L u c i l i a  l o b u l a  p l a t e  c e l l s ,  (a )  Response of  the c e l l  of f i g u r e  12 
to  a downward jump. (a; i n s e t )  The r e s p o n s e  of th e  same c e l l  with 
a d a p t a t i o n  t o  c o n s ta n t  motion a t  20° per  second .  ( b , c )  Unadapted 
re s p o n s es  of two H1 c e l l s  a re  in  agreement wi th p rev ious  r e s u l t s ,  (c)  
i s  the re sponse  t o  a jump of 0 .4 2 ° .  (d)  Response of  a c e l l  s e n s i t i v e
to  downward motion.
trial time / ms «10 trial time / ms «10
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V e l o c i ty - r e s p o n s e  curves  of an H 1 - l ik e  neuron from P a p i l i o  a t
o oa d ap t in g  v e l o c i t i e s  of 0 (dashed  l i n e )  and 34 per  second  ( s o l i d  
l i n e ) .  The a d a p t in g  v e l o c i t y  seems to  produce both  a l a t e r a l  and a 
downward s h i f t  of the c e l l ’ s r e sp o n se  f u n c t i o n .
10 20 50
angular velocity + 1 0
(degrees per second)
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Some c e l l s  s e n s i t i v e  to  v e r t i c a l  motion ( e . g .  f i g u r e  13d) ,  and H1 
neurons  ( f i g u r e  13b,c)  showed much broader  v e l o c i t y  impulse  r e s p o n s e s .  
The r e s u l t s  f o r  t h e  f l y  H1 neurons  accord  with  r e s u l t s  o b t a in e d  with 
more co n v e n t io n a l  s t i m u l i  ( S r i n i v a s a n  1983, Zaagman e t  a l . 1983).  
Thus i t  would appea r  t h a t  t h e  f l y  r e s p o n s e s  t o  the  dot  s t im u lu s  a re  as 
expec ted ,  s u b s t a n t i a t i n g  the  r e s u l t s  o b ta in ed  from P a p i l i o .
V e l o c i t y - r e s p o n s e  f u n c t i o n s
Complete v e l o c i t y - r e s p o n s e  f u n c t i o n s  were o b ta in e d  from one c e l l  
in  both  adap ted  and unadapted c o n d i t i o n s .  The c e l l ’ s l o c a t i o n  and 
r e sponse  p r o p e r t i e s  resembled f l y  H1. The l a t e r a l  s h i f t  i n  the  p o in t  
a t  which s a t u r a t i o n  a p p e a r s  i n  t h e  adap ted  r e sp o n se  curve  ( f i g u r e  1 -4) 
i n d i c a t e s  t h a t  con t inuous  motion dec reased  th e  c e l l ' s  a b s o l u t e  
s e n s i t i v i t y  t o  s t im u lu s  speed but  i n c r e a s e d  i t s  r e l a t i v e  s e n s i t i v i t y  
to  f a s t e r  moving o b j e c t s ,  as  observed  i n  f l y  H1. There i s  a l s o  a l o s s  
of the maximum a t t a i n a b l e  sp ik e  r a t e ,  but  the  l o s s  of in fo rm a t io n  
c a p a c i t y  i n d i c a t e d  by t h e  reduced dynamic range  i s  p robab ly  more tha n  
o f f s e t  by the  i n c r e a s e  i n  tempora l  r e s o l u t i o n  which was a l s o  observed .  
The f a c t  t h a t  t h e r e  i s  a l a t e r a l  s h i f t  i n d i c a t e s  t h a t  t h e  neuron codes 
motion s i g n a l s  r e l a t i v e  t o  th e  c u r r e n t  mean, i . e .  i t  codes " v e l o c i t y  
c o n t r a s t "  (Maddess and Laugh l in  1985, Chapter  1) .
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D is cu s s io n
B ip o l a r  r e s p o n s e s
S p ik in g  c e l l s  which give  u n r e c t i f i e d  d i r e c t i o n a l  r e s p o n s e s ,  and 
so have been dubbed " b i p o l a r "  seem c o n c e p tu a l ly  and com pu ta iona l ly  
s im p le r  than  c e l l s  t h a t  g ive  r e c t i f i e d  r e s p o n s e s ,  because  b i p o l a r  
c e l l s  w i l l  not  r e q u i r e  a second c e l l  to  code t h e  o t h e r  s t im u lu s  
p o l a r i t y .  On th e  o th e r  hand r e c t i f i c a t i o n ,  and the  use of  two c e l l s  
to  code a s i g n a l ,  might  make sense  because  such  a scheme c o n s t i t u t e s  a 
form of range f r a c t i o n a t i o n ,  which i s  a no the r  a d a p t a t i o n  t o  accomodate 
l a r g e  i n f o r m a t io n  f low th rough  channe ls  with  f i n i t e  i n f o rm a t io n  
c a p a c i t y .  I t  i s  p o s s i b l e  t h a t  the  high sp ik e  r a t e s  observed  were 
a r t e f a c t s  but  two p o i n t s  argue  a g a i n s t  t h i s .  F i r s t l y ,  c e l l s  of th e  
r e c t i f y i n g  type were observed  a f t e r  r e c o r d i n g  from b i p o l a r  u n i t s ,  
a rgu ing  f o r  r e a s o n a b l e  n e u r o p i l e  h e a l t h ,  and s e c o n d ly ,  a l a r g e  number 
of f l y  l o b u l a  p l a t e  c e l l s ,  the  n o n - s p ik in g  HS and VS systems do give 
b i p o l a r  r e s p o n s e s ,  so t h i s  behav iour  i s  no t  u n n a t u r a l .  Whereas i t  has 
been su g g e s te d  t h a t  the  HS c e l l s  of f l i e s  were s p i k i n g  in  t h e i r  
n a t u r a l  c o n d i t i o n  (Ecke r t  1978) r e c e n t  ev idence  argues  a g a i n s t  t h i s  
( f o r  a d i s c u s s i o n  s ee  Hausen 1981).  There can be no argument t h a t  th e  
P a p i l i o  c e l l s  r e p o r t e d  he re  were of the HS or VS type because  the  
P a p i l i o  c e l l s  a l l  had very l a r g e  r e c e p t i v e  f i e l d s .  Obviously,  
i n t r a c e l l u l a r  r e c o r d i n g  would go a long  way towards c l e a r i n g  up some 
of t h e se  q u e s t i o n s .
C o n t r a s t  s e n s i t i v i t y  f u n c t i o n s
One conspicuous  d i f f e r e n c e  between the  t h r e s h o l d  s p a t i a l  
f requency  tu n in g  curves  of P a p i l i o  and th o s e  of the H1 neuron of
L u c i l i a  (Dvorak,  e t  a l . 1980) i s  the s t e e p  low f requency  r o l l - o f f  of
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the P a p i l i o  c e l l s .  In p a r t i c u l a r  H1 shows no r o l l - o f f  a t  a l l  a t
10 Hz, which Dvorak e t  a l . (1980) took as an i n d i c a t i o n  t h a t  th e  
f requency  r e s p o n s e  of  i n h i b i t o r y  su r round  was u n i t s  exceeded.  
S r i n i v a s a n  and Dvorak (1980) added ev idence  a rgu ing  i n  favour  of the  
low s p a t i a l  f requency  r o l l - o f f  be ing  e x p l a in e d  by r e t i n o t o p i c  inpu t  
u n i t s  having  c e n t r e - s u r r o u n d  r e c e p t i v e  f i e l d s .  At odds with  t h i s  
n o t i o n ,  one would expec t  the  v i s i b i l i t y  of  moving s i n u s o i d a l  g r a t i n g s  
to  d e c re a s e  w ith  d e c r e a s i n g  s p a t i a l  f requency  even i f  t h e  r e c e p t i v e  
f i e l d s  of inpu t  u n i t s  showed no l a t e r a l  i n h i b i t i o n .  This  i s  because  
motion d e t e c t i o n  in  t h e  s im p l e s t  case  w i l l  i n vo lve  computa t ion  of th e  
t ime f o r  moving luminance contour  t o  t r a v e r s e  the  gap between two 
p o i n t s  in  sp ace ,  t h e  s t r e n g t h  of t h e  mot ion  s i g n a l  th en  be ing  a 
f u n c t i o n  of the s t e e p n e s s  of t h a t  c o n to u r .  For such a system the 
g r e a t e s t  s i g n a l  would a r i s e  from th e  s t e e p e s t  luminance g r a d i e n t ,  
which f o r  a s i n u s o i d  i s  a t  the  ze ro  c r o s s i n g s .  Thus,  i n c r e a s i n g  the  
wavelength  of a g r a t i n g  of a r b i t r a r y  g r a t i n g  would only  d e c re a s e  the
luminance d i f f e r e n c e  between the  two sample p o i n t s ,  and so to o  the
motion s i g n a l .  In  s u p p o r t  of t h i s  id e a  Campbell e t  a l . (1980) found 
t h a t ,  fo r  humans, the  t h r e s h o l d  c o n t r a s t  of g r a t i n g s  w i th  a 
t r a p e z o i d a l  luminance p r o f i l e s  fo l low ed  t h e  s lope  of t h e  ramp s e c t i o n  
of the waveform, and t h a t  the  t h r e s h o l d  was independen t  of the 
fundamental  g r a t i n g  wavelength .  For s i n u s o i d a l  g r a t i n g s  the
e x p e c t a t i o n  i s  thus  a low f requency  r o l l - o f f  with  s lo p e  1. The 
R e ic h a rd t  (1961) c o r r e l a t i o n  model not  unexpec ted ly  comes to  a 
s i m i l a r  c o n c lu s io n .  T h e re fo re  H1 would appear  t o  be th e  e x c e p t io n  t o  
t h e  r u l e  in  i t s  low f requency  r o l l - o f f  c h a r a c t e r i s t i c .  I t  i s  a l s o  
p o s s i b l e  t h a t  the mechanisms proposed by Dvorak e t  a l . (1980)
c o n t r i b u t e  to  b u t t e r f l y  s p a t i a l  t u n i n g ,  but  a l t u r n a t i v e l y  the
i n h i b i t o r y  su r rounds  of b u t t e r f l y  inpu t  c e l l s  may remain  f u n c t i o n a l  a t
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h ighe r  f r e q u e n c i e s .
Temporal f requency  t u n i n g
In  g e n e ra l  the temporal  a c u i t y  of b u t t e r f l y  l o b u l a  p l a t e  c e l l s  
ap p ea r s  to  be h ig h e r  th a n  t h o s e  i n  f l i e s ,  a l though  some of th e  
v e r t i c a l  c e l l s  r eco rded  in  f l y  were q u i t e  im pres s ive  ( f i g u r e  13 a ) .  
U n f o r t u n a t e l y ,  t h e  tempora l  f requency  t h r e s h o l d  curve  f o r  H1 has not  
been de te rmined  a l th o u g h  the  s u p r a t h r e s h o l d  tu n in g  has r e c e n t l y  been 
r e v i s e d  upwards (Maddess and Laughl in  1985, Chapter  1) to  a p r e f e r r e d
f requency of around 8-10 Hz i n  the unadapted s t a t e . This i s somewhat
p a ra d o x ic a l  because the  r e l a t i v e n a r r owness of P a p i l i o res p o n s es  to
jumps would s u g g es t much h ighe r t emporal a c u i t y than H1. 11 i s
p o s s i b l e t h a t  t h e r e  i s s i g n i f i c a n t  n o n l i n e a r i t y in the P a p i l i o
re s p o n s e s which g ives  a f a l s e im press ion of the c e l l s ' te m pora l
a c u i t y .  However exper iments  such as th o se  in  f i g u r e  9 would argue  
a g a i n s t  t h i s .  A w hi te  no ise  a n a l y s i s  of some s o r t  would p rov ide  a 
s im u l tane ous  measure of  l i n e a r i t y ,  and the  s y s t e m ' s  v e l o c i t y - c o n t r a s t  
r e sponse  ( e . g .  Sakuranaga and Ando 1985).  Experiments  where 
t h r e s h o l d ,  an d /o r  s u p r a t h r e s h o l d  tempora l  tu n in g  c u rv e s ,  and v e l o c i t y -  
impulse r e s p o n s e s  a re  de termined  in  t h e  same c e l l  w i l l  a l s o  be u s e f u l .
Conclus ions
C e l l s  i n  the  l o b u l a  p l a t e  of b u t t e r f l i e s  show a d a p t iv e  c h a r a c t e r s  
s i m i l a r  t o  t h o s e  of analogous  u n i t s  i n  f l i e s .  The b u t t e r f l y  u n i t s  
appear t o  d e r iv e  t h e i r  s p a t i a l  tu n in g  from small  f i e l d  u n i t s ,  as  
judged by t h r e s h o l d  tu n in g  c u r v e s ,  bu t  show h ig h e r  tempora l  a c u i t y  
than t h e i r  f l y  c o u n t e r p a r t s .  Contro l  exper iments  u s ing  the  b low f ly  
L u c i l i a  showed a h e t e r o g e n e i t y  of the impulse r e s p o n s e s  of f l y  l o b u l a
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p l a t e  c e l l s ,  p ro v id i n g  a b a s i s  fo r  f u r t h e r  exper iments  and th ough t s  
about  t h e  mechanisms used in  th e  l o b u la  p l a t e  c e l l s  and s i m i l a r  
neurons  i n  o th e r  i n s e c t s .
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Summary
A powerful  e f f e c t  r e sem bl ing  an a f t e r im a g e  i s  dem onst ra ted  on the 
pathway t o  t h e  motion s e n s i t i v e  neuron H1. Th is  e f f e c t  i s  independen t  
of the l o c a l l y  g e n e ra te d  ga in  c o n t r o l  d e s c r ib e d  in  an e a r l i e r  paper 
(Maddess and Laughl in  1985).  The a f t e r im a g e ,  produced a c r o s s  th e  eye 
by a s t a t i o n a r y  p a t t e r n ,  causes  the s e n s i t i v i t y  t o  movement t o  be 
d i f f e r e n t  in  d i f f e r e n t  eye r e g i o n s ,  and t h e  e f f e c t s  of  low c o n t r a s t  
(0 .1 )  p a t t e r n s ,  p r e s e n t e d  f o r  as l i t t l e  as a few hundred m i l l i s e c o n d s ,  
remain  fo r  up to  2 seconds .  Moving p a t t e r n s  i n t e r a c t  w i th  the  
a f te r im a ge  t o  modulate  H1 's  sp ike  r a t e .  The a f t e r im a g e  i n c r e a s e s  w ith  
c o n t r a s t  bu t  s a t u r a t e s  a t  c o n t r a s t s  above 0 .5 .  Low s p a t i a l  
f r e q u e n c i e s  g e n e ra t e  a f t e r im a g e s  l e s s  e f f e c t i v e l y  than  modera te  ones ,  
i n d i c a t i n g  t h a t  the  a f te r im a g e  p rocess  l i e s  a t  or a f t e r  l a t e r a l  
i n h i b i t i o n  between t o n i c  u n i t s .  Th is  i s  suppor ted  by th e  f a c t  t h a t  
the  a l t e r e d  s e n s i t i v i t y  p r o f i l e s  gen e ra ted  by s i n g l e  b r i g h t  and dark 
v e r t i c a l  bars  i n i t i a l l y  resemble  Mach bands .  However, t h i s  c h a r a c t e r  
a l t e r s  as th e  a f te r im a ge  decays ,  and the  d e p r e s s io n  of H1' s r e s p o n s e  
t o  moving b r i g h t  s t i m u l i ,  produced  by th e  a f te r im a g e  of  a dark b a r ,  
con t inues  to  grow f o r  up to  1 s a f t e r  th e  a d a p t in g  bar  i s  removed.  A 
s h o r t - l i v e d  (0 .5  s )  r e d u c t i o n  of H1’ s d i r e c t i o n a l  s e l e c t i v i t y
accompanies s t r o n g  a f t e r im a g e  fo rm a t io n .  All  of t h e s e  f a c t o r s ,  
e s p e c i a l l y  the  s a t u r a t i o n  a t  low c o n t r a s t s  and the  s p a t i a l  f requency  
tu n i n g ,  r u l e  ou t  l i g h t  a d a p t a t i o n  by p h o t o r e c e p t o r s  as th e  a f t e r im a g e  
s o u rc e .  Luminances used were a l s o  low enough t o  exclude  i n f l u e n c e  by 
the  pup i l  mechanism. L a s t l y ,  r e s p o n s e s  to  p a t t e r n s  which are
o c c a s i o n a l l y  jumped by l a r g e  or  smal l  d i s t a n c e s  a re  broadened by 
s t i m u l i  which produce an a f t e r im a g e .  Responses  t o  small  d i sp la cem e n ts
have p r e v io u s l y  been d e s c r ib e d  as " v e l o c i t y  impulse  r e s p o n s e s
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( S r in iv a s a n  1983, Zaagman 1983),  and so  the  r e s p o n s e  b roadening  
(=s t im u lus  b l u r r i n g )  can be taken  as a r e d u c t i o n  of t h e  f l y ’ s temporal  
r e s o l u t i o n  of moving o b j e c t s .  Given t h a t  H1 i s  a m o t i o n - s e n s i t i v e  
neuron ,  d e t a i l e d  knowledge of t h i s  a f t e r i m a g e - l i k e  phenomenon appea rs  
t o  be e s s e n t i a l  fo r  u n d e r s t a n d in g  the  s p a t i o - t e m p o r a l  f u n c t i o n  of  HI , 
and perhaps of k in d red  neu rons .
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I n t r o d u c t i o n
Psychophys ica l  exper iments  where s u b j e c t s  view s t a t i o n a r y  
g r a t i n g s  show t h a t  s t r o n g  a f t e r im a g e s  can e l e v a t e  c o n t r a s t  t h r e s h o l d s  
(Kel ly  1979).  G ra t ings  d r i f t e d  a t  v e l o c i t i e s  co r respond ing  t o  normal 
eye d r i f t  s peeds ,  and temporal  f r e q u e n c i e s  up to  0.5 Hz, a l s o  c r e a t e  
s t r o n g  a f t e r im a g e s  but t h e i r  e f f e c t i v e n e s s  i s  r e l a t i v e l y  d im in ished  a t  
h ighe r  s p a t i a l  f r e q u e n c i e s  (Kel ly  1980).  The f a c t  t h a t  a f t e r im a g e s  
p e r s i s t  a t  th e s e  temporal  f r e q u e n c i e s  s u g g e s t s  t h a t  they  may r e p r e s e n t  
an im por tan t  a s p ec t  of th e  p e r c e p t i o n  of s lowly  f l u c t u a t i n g  components 
of the v i s u a l  flow f i e l d  in  man.
Like humans, f l i e s  have s a c c a d ic  eye (head) motions t h a t  a re
i n t e r l e a v e d  between p e r io d s  of s lower d r i f t  (Land 1973).  However, 
e l e c t r o p h y s i o l o g y  of  the o p t i c  lobes  of f l i e s  r e q u i r e s  t h a t  t h e i r  
heads a re  s o l i d l y  f i x e d .  Thus,  under normal r e c o r d i n g  c o n d i t i o n s ,  i t  
i s  r e a s o n a b le  t o  expec t  e f f e c t s  s i m i l a r  t o  a f t e r im a g e s  to  be r e v e a l e d ,  
i f  a mechanism s i m i l a r  t o  t h a t  in  humans a l s o  e x i s t s  in  t h e  f l y  v i s u a l  
system. The o b j e c t  of t h i s  paper i s  t o  dem onst ra te  t h a t  such an
e f f e c t  i s  r e a d i l y  o b s e r v a b le  i n  t h e  f l y  neuron c a l l e d  H1. Th is  neuron 
i s  one of a s e t  of g i a n t  neurons i n  th e  l o b u l a  p l a t e  which
c o l l e c t i v e l y  encode a l l  degrees  of freedom of f low f i e l d  motion ( f o r  a
review see  Hausen,  1981).  H1 s i g n a l s  h o r i z o n t a l  motion from the  back 
of th e  eye t o  t h e  f r o n t ,  which i s  a s s o c i a t e d  in  normal l i f e  with  yaw 
or s i d e - s l i p  d u r ing  f l i g h t ,  and t u r n i n g  mot ions  on the  ground.
H1' s s e n s i t i v i t y  t o  motion appea rs  to  a r i s e  from r e t i n o t o p i c  
u n i t s  which s e p a r a t e  f l i c k e r  components due t o  motion,  from those  due 
to  pure f l i c k e r  ( fo r  a d i s c u s s i o n  of t h e  mechanisms see Zaagman e t  a l .
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1 982).  S m a l l - f i e l d  u n i t s  p r e s y n a p t i c  t o  H1 , p robably  c o r re s p o n d in g  to  
the  r e t i n o t o p t i c  u n i t s  j u s t  men tioned ,  have r e c e n t l y  been found t o  
adapt  t h e i r  s e n s i t i v i t y  to  mot ion  in  much t h e  same f a s h i o n  t h a t  
p h o to re c e p to r s  adapt  t o  l i g h t  (Maddess and Laughl in  1985), and the  
s e n s i t i v i t y  change accompanies i n c r e a s e d  temporal  r e s o l u t i o n  of 
changes in  the  mot ion  s i g n a l  (Zaagman e t  a l . 1983).  The a d d i t i o n  of 
powerfu l ,  l o c a l l y  g e n e ra ted  a f t e r im a g e s  t o  i t s  p r o p e r t i e s  makes H1 an 
i n t e r e s t i n g  p r e p a r a t i o n  f o r  s t u d y in g  s p a t i o t e m p o ra l  v i s i o n .  The f a c t  
t h a t  a f t e r im a g e s  occur  in  a mot ion -cod ing  pathway (H1) s u g g e s t s  t h a t  
th e s e  e f f e c t s  may invo lve  an im por tan t  s t r a t e g y  r e l a t e d  t o  viewing 
s lowly moving s c e n e s .  This  c o n t e n t i o n  i s  suppor ted  by s e p a r a t e  work 
(Maddess 1985, Chapter  5) showing t h a t  a f t e r im a g e s  produced by 
g r a t i n g s  p e r s i s t  up t o  tempora l  f r e q u e n c i e s  of 2--4 Hz. This  paper 
examines the t ime course  and r e s p o n s e  c h a r a c t e r i s t i c s  of t h i s  
a f te r im a g e  p r o c e s s ,  over a broad range  of s t im u lu s  c o n d i t i o n s .
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Methods
Recording P r e p a r a t i o n
Female sheep b l o w f l i e s ,  L u c i l i a  c u p r i n a , 1 or  2 days p o s t -  
emergent ,  were o b t a in e d  weekly from t h e  CSIRO Sheep Blowfly G ene t i c s  
Group. The f l i e s  were waxed t o  an a r t i c u l a t e d  s t a n d ,  and t h e i r  
p seudopup i l s  were a l i g n e d  t o  t h e  s t a n d ,  which was l a t e r  a l i g n e d  to  a 
CRT, e n s u r in g  t h a t  the  f l i e s  looked forward  t o  w i t h i n  a few deg rees  of 
t h e  in te n d e d  d i r e c t i o n .  The f l i e s ’ heads were t i l t e d  forward d u r in g  
waxing t o  al low access  of e l e c t r o d e s  to  th e  l o b u l a  p l a t e .  I n i t i a l  
t e s t s  de termined  the  c e l l ’ s d i r e c t i o n a l i t y ,  and r e c e p t i v e  f i e l d  s i z e .  
Those f a c t o r s  and th e  r e c o r d i n g  s i t e ,  l e f t  o p t i c  lo b e ,  and monocular 
s t i m u l a t i o n  of t h e  r i g h t  eye ,  ensured  t h a t  r e c o r d i n g s  were from th e  
c o n t r a l a t e r a l  H1 neuron .  T u n g s t e n - i n - g l a s s  e l e c t r o d e s  ( M e r r i l l  and 
Ainsworth 1972) were used to  o b t a i n  e x t r a c e l l u l a r  r e c o r d i n g s .  Minimal 
a c c e p ta b l e  r e c o r d i n g  c o n d i t i o n s  had s p ik e  h e i g h t s ,  no t  i n c l u d i n g  
b a s e l i n e  un d e r sh o o t ,  of  250 yV and a r a t i o  of sp ike  h e i g h t  t o  b a s l i n r  
n o i s e  of f i v e  or b e t t e r .  Recording s t a b i l i t y  was de te rm ined  as 
p r e v io u s l y  d e s c r ib e d  (Maddess and L a u g h l in ,  1985, Chapter  1) .  
Experiments  were conducted d u r in g  d a y l i g h t  hou rs .
S t im u l i
V isua l  s t i m u l i  were p r e s e n t e d  on a CRT d i s p l a y  w i th  a mean
- 2  12 -1 -2  -1 luminance of  4 cd m , or  a r a d i a n c e  of 2.1x10 photons  s cm s r  ,
and a s p e c t r a l  d i s t r i b u t i o n  as g iven by Dvorak e t  a l . (1980) .  The CRT
was checked f o r  r e s i d u a l  images but  none could be found d e s p i t e  an
i n t e n s i t y  r e s o l u t i o n  of  one p a r t  in  200, which i s  w ell  below H i ’ s
c o n t r a s t  t h r e s h o l d .  Both g r a t i n g s  and s i n g l e  v e r t i c a l  b a r s  were used
as ad ap t in g  and moving s t i m u l i . C o n t r a s t  f o r  t h e s e  s t i m u l i  was
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d e f ine d  as f o l l o w s .
C on t ra s t=  ( AI ) /  I, (1)b
Y/here I i s  the CRT background i n t e n s i t y ,  and AI i s  ( I Q- I b ) ,  
where I the i n t e n s i t y  of  the s m a l l e r  o b j e c t :  l i n e s  and b a r s .  For
g r a t i n g s  AI was taken  t o  be the  magnitude a t  th e  maximum d e p a r t u r e  
from th e  mean lum inance ,  and t h e  mean luminance  was ta k e n  as I . 
Thus,  bar  c o n t r a s t s  a re  s igned  while  g r a t i n g  c o n t r a s t s  a re  uns igned  
and a r e  equal  to  the  R ay le igh  c o n t r a s t :  (I  - I  . ) / ( I  „ +1 . ) .M j o  max min max min
The e f f e c t s  of a f t e r im a g e s  on t h e  motion d e t e c t i o n  machinery  
p r e s y n a p t i c  t o  Hi were observed  as f o l l o w s .  S t im u l i  c o n s i s t e d  of  a 
s t a t i o n a r y  p a t t e r n  which adap ted  th e  eye f o r  a p e r i o d ,  fo l low ed  by a 
moving t e s t  or probe s t i m u l u s .  Each t e s t  was fo l low ed  by a long  
pe r io d  when a f e a t u r e l e s s  uniform f i e l d  a t  t h e  mean luminance  was 
d i s p l a y e d .  In g en e ra l  from 32 t o  s e v e r a l  hundred such t r i a l s  were 
averaged  to  o b t a i n  a r e s u l t .  Some e x p e r im e n t s  in v o lv e d  a l t e r i n g  t h e  
t ime devoted t o  the  a d a p t in g  s t i m u l u s ,  and so t h e  p e r io d  of  uniform 
p r e s e n t a t i o n  was a l t e r e d  a c c o r d i n g l y ,  to  keep t h e  time between motion 
t e s t s  c o n s t a n t .  The c o n s t a n t  t r i a l  t imes  were n e c e s s a r y  t o  en s u re  
equal  s e n s i t i v i t y  t o  mot ion  (Maddess and L a u g h l in  1985) and tem pora l  
r e s o l u t i o n  (Zaagman e t  a l . 1983) between t e s t s .
Data t r e a tm e n t
Two smoothing p ro ced u res  were used on some r e s p o n s e  h i s to g r a m s .  
The f i r s t  of t h e s e  was a s imple 3 - p o i n t  r u n n in g  mean and was widely 
used,  up t o  two t im es  per h i s to g ra m .  The s h o r t  sample t ime of  a l l  
h is tog ram s ,  6.5ms, meant t h a t  r e sponse  h i s to g ra m s  c o n ta in e d  about  1000
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b in s ,  thus  the  3“ p o in t  a v e ra g in g  had a very  mi ld  e f f e c t  on the  d a t a .  
The second procedure  in v o lv ed  i n t e r p o l a t i o n  of  h is tog ram s  as i f  the 
sample time base was lo n g e r  th an  6.5ms, but  t h i s  was done on only  some 
of the d a t a  i n  f i g u r e  2 t o  produce the  t h i c k  smooth cu rves  shown. 
I n t e r p o l a t i o n  was done by convolv ing  t h e  r e s p o n s e s  w i th  a Gaussian 
f u n c t i o n  whose h a l f - w i d t h  was the same as the  i n t e r p o l a t i o n  f u n c t i o n  
s in (X) /X  where X=2Trt/1 04ms; i . e .  i n t e r p o l a t i o n  was conduc ted as i f  the 
h is togram sample t ime was 16 da ta  b ins  wide or 104ms. The t h i c k  
curves  i n  f i g u r e  2 a r e  i n t e n d e d  to  give an im p re s s io n  of  the r e s p o n s e  
of a s l u g g i s h  c e l l  p o s t s y n a p t i c  t o  H1, and t h e  e f f e c t  of  long sample 
t i m e s .
The d a ta  c o l l e c t e d  f o r  f i g u r e s  5 b , 6 , 7 ,  show how a f t e r im a g e  
s t r e n g t h  v a r i e s  as a f u n c t i o n  of s e v e r a l  p a ra m e te r s  of s i n u s o i d a l  t e s t  
g r a t i n g s .  The d a ta  f o r  i n d i v i d u a l  p o i n t s  c o n s i s t e d  of  h i s tog ra m s  
d e p i c t i n g  decaying  m o d u la t i o n s ,  i n d i c a t i v e  of t h e  a f t e r im a g e  s t r e n g t h  
over t ime ( e . g .  f i g u r e  5 a ) .  S eve ra l  methods t o  de te rmine  th e  decay 
time from th e  r e s u l t i n g  h i s tog ram s  were t r i e d .  The s im p l e s t  procedure 
proved the  b e s t  and made the  few es t  as sumpt ions  about  the  d a t a .  Th is  
method invo lved  measur ing  t r o u g h - t o - p e a k  a m p l i tudes  and f i t t i n g  t h e  
r e s u l t s  to  an e x p o n e n t i a l  f u n c t i o n :
A m p l i tu d e ( t )  = Ce ( 2 )
This  p rocedure  makes no assumptions  about  th e  r e s p o n s e  f u n c t i o n  or 
f l a t  b a s e l i n e s ,  and f i t s  t o  th e  da ta  a cc o u n ted  f o r  more than  90$ of 
the r e sp o n se  v a r i a n c e  on average  ( see  i n d i v i d u a l  f i g u r e s ) .  A l t e r i n g  
the  g r a t i n g  wave leng th  a l s o  a l t e r e d  t h e  p o s i t i o n  of re sponse  
m od u la t io n s .  Th is  made i t  im p o ss ib l e  t o  compare t r o u g h - t o -p e a k
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ampli tudes  f o r  a p a r t i c u l a r  decay t im e .  Also,  the  q u a n t i t y  C in
e q u a t io n  (2) was no t  i n d i c a t i v e  of the  average  am pli tude  in  a 
h i s tog ram .  T h e r e f o re ,  the  am pl i tudes  r e p o r t e d  were t h o s e  o b ta in e d  
from th e  f i t s  fo r  a p e r io d  a f t e r  s t im u lu s  p roducing  the  a f t e r im a g e  was 
removed. Since the  h i s tog ra m s  were average r e s p o n s e s  to  a l i n e  
t r a v e r s i n g  t h e  CRT, th e  comparison t ime was taken  as 0 . 8 s ,  or  t h e  time 
f o r  the  l i n e  t o  t r a v e r s e  the  CRT once; 0 .8 s  i s  a l s o  c l o s e  t o  the  t ime 
c o n s t a n t s  of decay o b t a i n e d .  Confidence  l i m i t s  r e p o r t e d  f o r  d a ta  
p o in t s  were c a l c u l a t e d  u s ing  the  v a r ia n ce  from r e g r e s s i o n  t o  eq u a t io n
( 2 ) .
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The r e s p o n s e  of  H1 w i thou t  (a) and w i th  (b) p re v io u s  a d a p t a t i o n  
to  a s t a t i o n a r y  g r a t i n g .  In  (a)  a uniform f i e l d  a t  t h e  mean luminance
occupied  the  f i e l d f  or the p e r io d  when the moving g r a t i n g  was not
shown. In (b) the g r a t i n g remained on the CRT fo r the  whole t r i a l
t ime .  G ra t in g  param ete rs  as  f o r  f i g u r e  2b.
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R e s u l t s
After images
An i n t e r e s t i n g  f e a t u r e  of H 1 's  r e sp o n se  to  moving p e r i o d i c  
g r a t i n g s  i s  the modula t ion  of i t s  sp ik e  d i s c h a rg e  a t  th e  temporal  
f requency  of the  d r i f t i n g  g r a t i n g  ( f i g u r e  1b).  This  e f f e c t  i s  s een  i f  
a g r a t i n g  i s  l e f t  s t a n d i n g  f o r  a t im e ,  b e f o r e  be ing  moved. C l e a r l y ,  
i f  t h e  modula t ion  of  H1's r e s p o n s e ,  or  i t s  i n p u t s '  r e s p o n s e s ,  i s  due 
to i n t e r a c t i o n  wi th  an a f t e r i m a g e ,  then  removal  of the a f t e r im a g e  
source  should  a l s o  remove t h e  m odu la t ion .  As can be seen by comparing 
f i g u r e s  1a and 1b, r e s p o n s e  m odu la t ion  occurs  only w i th  p r i o r  
p r e s e n t a t i o n  of a s t a t i o n a r y  g r a t i n g .  F u r t h e r  t e s t s  w i l l  conf irm t h a t  
the modula t ion  i s  due t o  l o c a l  s e n s i t i v i t y  changes r a t h e r  than  an 
o s c i l l a t i o n  of t h e  re sponse  d r iv en  by t h e  onse t  of motion by the  
g r a t i n g .
Not s u r p r i s i n g l y ,  weaker a f t e r im a g e s  a re  c r e a t e d  by lower 
c o n t r a s t s  ( f i g u r e s  2 b , c ) ,  and s h o r t e r  p r e s e n t a t i o n s  ( f i g u r e  2d, see  
a l s o  f i g u r e  5a ) .  S tu d i e s  in  t h r e e  o t h e r  c e l l s  where p r e s e n t a t i o n  
pe r iod  was doubled 4 t imes  from 208ms to  3328 ms, confirmed  t h a t  th e  
s t r e n g t h  of modula t ion  i n c r e a s e s  with  p r e s e n t a t i o n  p e r i o d ,  over t h i s  
range  of exposure  t im es .
A p rev io u s  paper (Maddess and L a u g h l in  1985, Chapter  1) showed 
t h a t  the  d e c l i n e  i n  H1' s r e s p o n s e  with  exposure  t o  s u s t a i n e d  movement 
was a d a p t i v e ,  in  t h e  s e n s e  t h a t  i t  m a in t a i n s  H 1 's  r e l a t i v e  s e n s i t i v i t y  
to  changes in  v e l o c i t y  and sa v e s  i t  from s a t u r a t i o n .  Th is  a d a p t a t i o n  
was shown t o  be due t o  a ga in  c o n t r o l  mechanism in  u n i t s  p r e s y n a p t i c  
t o  H1. The use of t h e  word a d a p t a t i o n  i n  t h i s  paper w i l l  be 
r e s t r i c t e d  t o  a f t e r im a g e  fo rm a t ion ;  the  e f f e c t  p r e v i o u s l y  d e s c r ib e d
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These exper iments  c o n ta in e d  two phases ,  one w i th  no mot ion  on th e  
CRT, t h e  second wi th  mot ion .  The moving s t im u lu s  in  a l l  fo u r  cases  
was a v e r t i c a l  s i n u s o i d a l  g r a t i n g  of c o n t r a s t  0 .15 ,  and w ave leng th
Q
4.9 . The m o t io n le s s  phase l a s t e d  f o r  16.6 s and the  moving phase f o r
6.7 s .  The f i g u r e s  p r e s e n t e d  are  h is tograms r e c o r d i n g  t h e  f i r s t  5 s
of g r a t i n g  motion .  The m o t io n l e s s  s t i m u l i  were d i f f e r e n t  i n  each of  
t h e  fo u r  t e s t s .  (a) A uniform f i e l d  a t  t h e  mean luminance  was 
p r e s e n te d  fo r  the  m o t io n le s s  p e r io d .  b) The g r a t i n g  was shown 
th roughou t  th e  m o t io n le s s  phase a t  c o n t r a s t  0 .1 5 .  (c) The s t a t io n a ry -
g r a t i n g  wi th  c o n t r a s t  0.8 was p r e s e n te d  f o r  the  whole 16.6 s ,  d) th e
g r a t i n g  of c o n t r a s t  0 .8  was p r e s e n t e d  f o r  t h e  f i n a l  208 ms of th e
m o t io n le s s  phase,  the  uniform f i e l d  having been p r e s e n t e d  f o r  the  
rem ain ing  t ime.  With no a d a p t in g  g r a t i n g ,  (a) t h e r e  i s  no a f t e r im a g e  
e f f e c t ,  and lower c o n t r a s t s  ( b) ,  and s h o r t e r  d u r a t i o n  a d a p t in g  s t i m u l i  
( d ) , produce weaker e f f e c t s .  The f i g u r e s  a re  each  th e  av e ra g e  of 20 
p r e s e n t a t i o n s  and a r e  a l l  from the same c e l l .  The smoother curves  
run n in g  th rough  t h e  modula ted  r e s p o n s e s  of ( b ) , ( c ) , ( d ) ,  a re  d i g i t a l l y  
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w i l l  always be r e f e r r e d  t o  as ga in  c o n t r o l ,  or  r e s p o n s e  d e c l i n e  due t o  
motion .  The r a t e  of r e s p o n s e  d e c l i n e  due t o  mot ion ,  f o r  a l l  s t im u lu s  
c o n d i t i o n s  p r e s e n t e d  in  f i g u r e  2, i s  l i t t l e  a f f e c t e d  by o s c i l l a t i o n s  
caused by the  a f t e r im a g e .  Thus,  t h e  two p ro c e s s e s  appea r  t o  be
i n d e p e n d e n t .
The modula t ion  may not  be v i s i b l e  i f  the  i n t e r v a l s  s e l e c t e d  fo r  
re sponse  h is togram sample t imes  a re  to o  long .  I f  masked by long 
sample t imes  the m odu la t ions  w i l l  a l t e r  th e  apparen t  peak s p ik e  r a t e ,  
and a l s o  th e  r a t e  of r e sp o n se  d e c l i n e  due th e  ga in  c o n t r o l  mechanism 
(Maddess and Laugh l in  1985).  The bold  l i n e s  through the  modulated
re s p o n s e s  of f i g u r e  2 i n d i c a t e  th e  r e s u l t  of a smoothing of the  
r e sp o n se  h i s to g ra m s .  The bold  curves  i n d i c a t e  bo th  th e  p o t e n t i a l
e f f e c t s  of  long sample t imes on the  ap p ea rance  of th e  d a t a ,  and th e  
p o t e n t i a l  ou tpu t  of s l u g g i s h  neurons  p o s t - s y n a p t i c  t o  H1.
When a s t a t i o n a r y  g r a t i n g  a l t e r s  t h e  s e n s i t i v i t y  of some eye 
r e g i o n s ,  or  neurons p r o j e c t i n g  from th o s e  r e g i o n s ,  and th e  a l t e r a t i o n  
p e r s i s t s  f o r  s e v e r a l  seconds ,  one should  be a b l e  t o  d e t e c t  t h e s e
r e g i o n a l  changes.  By sweeping a l i n e  or  edge a c r o s s  the eye a f t e r
removing an a d a p t in g  g r a t i n g  from view, t h e s e  r e g i o n s  of a l t e r e d
s e n s i t i v i t y  a r e  r e c o rd e d  a t  HI ( f i g u r e  3 ) .  With a l a t e n c y  of  about  23 
ms, th e  t r o u g h s  in  f i g u r e  3a co r respond  t o  t h e  p o s i t i o n s  of th e  b r i g h t  
p o r t i o n s  of the o r i g i n a l  s t a t i o n a r y  p a t t e r n ,  as  i f  the  t ro u g h s  a r e  due 
t o  l i g h t  a d a p t a t i o n  of t h e  r e t i n u l a  c e l l s .  Before p r e s e n t i n g
exper iments  which e l i m i n a t e  t h a t  p o s s i b i l i t y ,  however,  a s h o r t  
d i g r e s s i o n  must be made to  e x p l a i n  some a s p e c t s  of t h e  exp e r im e n ta l
p ro c e d u r e .
Chapter  IV
F ig u re  3
(a)  A s t a t i o n a r y  g r a t i n g  of  wavelength  ^ .9 °  and c o n t r a s t  0 .8  was 
l e f t  i n  th e  f l y ’ s f i e l d  of view fo r  5 s  and th e n  r e p l a c e d  by a moving 
t e s t  o b j e c t .  That o b je c t  was a dark wedge whose i n t e n s i t y  p r o f i l e  was 
a h a l f  pa rabo la :  the  darkness  of t h e  l e a d i n g  sh a rp  edge r e t u r n i n g  t o  
the  mean l e v e l  over 9 .7 ° .  To th e  human o b s e rv e r  th e  wedge appea red  as 
an i n t e n s i t y  s t e p .  At the  dark  edge the  c o n t r a s t  was - 0 . 6 .  Th is  
i n t e n s i t y  wedge was swept in  H1’s p r e f e r r e d  d i r e c t i o n  a t  48° per  
second.  The f i g u r e  r e p r e s e n t s  the average r e s p o n s e  t o  t h e  moving 
wedge over 128 t r i a l s .  (b) To e l i m i n a t e  th e  e f f e c t s  of  H1’ s r e c e p t i v e  
f i e l d ,  the  prob ing  l i n e  was launched  from a new p o in t  f o r  each of  32 
t r i a l s .  Only the  p o r t i o n  of th e  h is togram d e t a i l i n g  H1’ s behav iour  
du r ing  the  movement of the t e s t  l i n e  i s  shown. Between each sweep of 
t h e  l i n e  was a 5 s p e r io d  when th e  eye saw on ly  t h e  mean luminance  
(not  shown). The r e s u l t i n g  h i s to g ra m s  a re  r e l a t i v e l y  f l a t ,  p r o v id i n g  
a c o n t ro l  w i th i n  the  ex p e r im e n t ,  s in c e  d e p a r t u r e s  from f l a t n e s s  
i n d i c a t e  a change of  H1’ s r e s p o n s i v e n e s s ,  or  of an eye r e g i o n .  In  
t h i s  way c e l l  s t a b i l i t y  was a c c u r a t e l y  m o n i to red ,  f o r  t h e s e  ty p e s  of 
exper im en t ,  between i n t e r l e a v e d  c o n t r o l  runs  such as f i g u r e  3b.
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Experiments l i k e  th o s e  i n  f i g u r e  2 i l l u s t r a t e  the  p re s en ce  of 
s e n s i t i v i t y  changes,  and c o m p l ic a t io n s  f o r  s t u d i e s  employing moving 
g r a t i n g s ,  but  do not  i n v i t e  q u a n t i t a t i v e  a n a l y s i s  of a f t e r i m a g e s  fo r  
s e v e r a l  r e a s o n s .  F i r s t l y ,  u n i t s  p r e s y n a p t i c  t o  H1 change t h e i r  
s e n s i t i v i t i e s  t o  moving g r a t i n g s ,  and t h e  s e n s i t i v i t y  change proceeds 
more r a p i d l y  w i th  i n c r e a s i n g  temporal  f requency  (Maddess and L augh l in  
1985).  Also the  am pl i tude  of r e s p o n s e  modula t ion  due t o  the  
a f t e r im a g e  depends on the  number of g r a t i n g  c y c l e s  p r e s e n t e d ,  because  
th e  am pli tude  w i l l  depend on th e  number of synchronous ly  p a r t i c i p a t i n g  
eye r e g i o n s .  S t im u l i  such as moving l i n e s  or edges ( f i g u r e  3a) 
p r e s e n t  ano the r  problem. The dep th  of modula t ion  i n  t h e  r e sponse
depends on the  p o s i t i o n  of  the a d a p t in g  g r a t i n g ,  and the  s t a r t i n g  
p o in t  of th e  t e s t  s t im u lu s  r e l a t i v e  t o  H1 ’ s r e c e p t i v e  f i e l d .
In  the  exper iments  to  be p r e s e n t e d  the  p o s i t i o n a l  w eigh t ing  
imposed by H1 ’ s r e c e p t i v e  f i e l d  was removed by s t a r t i n g  t h e  t r a v e l  of 
a l i n e  from 32 e q u i d i s t a n t  p o s i t i o n s  over as many t r i a l s .  While the  
s t a r t i n g  p o s i t i o n  of t h e  moving t e s t  l i n e  changed f o r  each "sweep” , 
the p o s i t i o n  (phase)  of a d ap t in g  s t i m u l i  was f i x e d  r e l a t i v e  t o  the  
l i n e ’ s s t a r t i n g  p o s i t i o n .  When t h e  t r a v e l l i n g  l i n e  reac h ed  th e  end of 
the CRT i t  i n s t a n t a n e o u s l y  r e a p p e a re d  a t  the o p p o s i t e  s i d e ,  or 
"wrapped around" ,  and so was a b l e  t o  r e t u r n  t o  i t s  i n i t i a l  p o s i t i o n  to  
complete one "sweep" of the CRT The s t a r t i n g  p o s i t i o n s  spanned the  
CRT f a c e ,  and so by a v e ra g in g  over a l l  of them, th e  s p a t i a l  w e igh t ing  
given by H1 was removed. S i m i l a r l y ,  any e f f e c t  of the "wrap around" 
p rocedure  was averaged  over a l l  p o s i t i o n s .
I f  the m od i f ied  p rocedure  j u s t  d e s c r ib e d  i s  used w i thou t  f i r s t  
showing an a d a p t in g  s t i m u l u s ,  t h e  r e s u l t i n g  r e s p o n s e s  dem onst ra te
C h a p t e r  IV Page 1 3^ 4
t h r e e  p o i n t s .  F i r s t l y ,  t h e  f l a t n e s s  and sm oothness  ( f i g u r e  3b) shows 
t h a t  t h e  a v e r a g i n g  p r o c e d u r e  i s  v a l i d ,  i . e .  d i f f e r e n t  eye r e g i o n s  
r e s p o n d  i n  much t h e  same way b u t  f o r  a w e i g h t i n g  f a c t o r ,  and do no t  
change t h e i r  s e n s i t i v i t y  ove r  t h e  c o u r s e  of  a v e r a g i n g .  S e c o n d ly ,  
b e c a u s e  t h e  l i n e  was narrow ( 0 . 6 ° ) ,  and i t s  v e l o c i t y  h i g h  (48° p e r  
s e c o n d ) ,  o n l y  a s h o r t  t im e  was a v a i l a b l e  f o r  i n d i v i d u a l  s m a l l - f i e l d  
e l e m e n t s  p r e s y n a p t i c  t o  H1 t o  a d a p t  (Maddess  and L a u g h l i n  1985 ) ,  so  
t h e  v e ry  s l i g h t  r e s p o n s e  d e c l i n e  s e e n  i n  f i g u r e  3b may be due  t o  H1 
i t s e l f .  I t  i s  p o s s i b l e  t h a t  a form of  t r a v e l l i n g  i n h i b i t i o n  as 
d e m o n s t r a t e d  f o r  v e r t e b r a t e  r e t i n a  (van de r  W i ld t  and V r o l i k  1981; 
V r o l i k  and van d e r  W i ld t  1982)  may p r e c e d e  t h e  moving l i n e  and m e d i a t e  
a d a p t a t i o n ,  so  c a u s i n g  t h e  r e s p o n s e s  of s m a l l - f i e l d  c e l l s  t o  d e c l i n e .  
Even i f  t h e  d e c l i n e  i s  due t o  H1, t h e  a b i l i t y  of  H1 t o  change  i t s  
r e s p o n s i v e n e s s  must  be s m a l l .  T h i r d l y ,  i n  f i g u r e  3b t h e  l i n e  swept  
t h e  eye  t w i c e  b e f o r e  d i s a p p e a r i n g  a t  i t s  s t a r t i n g  p o s i t i o n .  The f a c t  
t h a t  no d i s c o n t i n u i t y  o c c u r s  a t  h a l f  t im e  ( f i g u r e  3b) means t h a t  
m u l t i p l e  sweeps cou ld  be used  t o  c h a r a c t e r i s e  t h e  a f t e r i m a g e  p r o c e s s  
f o r  l o n g e r  t im e s  than  t h e  l i n e  to o k  t o  t r a v e r s e  t h e  CRT
T h i s  t e c h n i q u e  a l l o w s  us t o  r e t u r n  t o  examine t h e  p o s s i b l e  
c o n t r i b u t i o n  o f  l i g h t  a d a p t a t i o n  of  r e t i n u l a  c e l l s  t o  t h e  r e s p o n s e  
d e c l i n e  o b s e r v e d  i n  f i g u r e  3a.  To do t h i s  a s t a t i o n a r y  g r a t i n g  was 
shown t o  t h e  eye f o r  0 . 8 s .  Then t h e  g r a t i n g  was removed and t h e  eye 
p r e s e n t e d  w i t h  a moving b r i g h t  l i n e  imposed on a u n i fo rm  f i e l d  a t  t h e  
same mean lum inanc e  as  b e f o r e .  As i n  t h e  c a s e  o f  f i g u r e  3b, t h e  
w e i g h t i n g  o f  H1' s r e c e p t i v e  f i e l d  was removed by a v e r a g i n g  o v e r  a l l  
s p a t i a l  p o s i t i o n s ,  and t h e  l i n e  swept  t h e  eye t w i c e  t o  d o u b le  t h e  t im e  
t h a t  a f t e r i m a g e  e f f e c t s  were f o l l o w e d  ( f i g u r e  Ma). Not  shown i n  
f i g u r e  M i s  t h e  c e l l ' s  a c t i v i t y  between t e s t s ,  when a un i fo rm  f i e l d  a t
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In t h e s e  exper iments  the  s t i m u l i  were p r e s e n t e d  i n  4 p h a s e s ,  and 
each f i g u r e  i s  the  average  of 32 t r i a l s .  I n  t h e  f i r s t  phase (5 s )  a 
uniform f i e l d  a t  the mean luminance was p r e s e n t e d ,  and t h i s  t ime 
se rved  as a r ecove ry  p e r io d  from the  p rev ious  t r i a l .  F o l low ing  t h i s ,  
a s i n u s o i d a l  g r a t i n g  w i th  wavelength  9 . 7 °  and c o n t r a s t  0 .3  was 
p r e s e n t e d  f o r  0 .8  s to  b u i ld  up an a f t e r im a g e .  Next the  g r a t i n g  was 
r e p l a c e d  w i th  one of  4 a l t e r n a t i v e s  ( a , b , c , d ) .  a)  A moving b r i g h t  
l i n e  ( c o n t r a s t  0 .8 )  imbedded in  a uniform mean luminance  f i e l d ;  t h i s  
made a second pass in  th e  f o u r t h  phase .  b) The whole CRT l i t  a t  what 
was p r e v i o u s l y  the  b r i g h t e s t  luminance c o n ta in e d  in  the  g r a t i n g ,  c)  
The whole f i e l d  l i t  a t  the  mean luminance .  The f i n a l  phase c o n ta in e d  
a moving b r i g h t  probe l i n e .  A ll  h is tog ram s  shown a r e  from t h e  l a s t  
two p hases .  The f i n a l  t h r e e  phases  a l l  l a s t e d  about  0 .8  s each ,  (d) 
The d i f f e r e n c e  of (c)  and (b) g ives  t h e  n e t  e f f e c t  of t h e  b r i g h t  
f i e l d .  The t r oughs  i n d i c a t e d  by th e  diamonds in  (a)  and (d) show th e  
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the mean luminance was shown, t o  al low th e  a f te r im a ge  t o  decay f u l l y  
between t r i a l s .  To t e s t  t h e  e f f e c t  of l i g h t  a d a p t a t i o n ,  a second t e s t  
was done,  i n  which the  e n t i r e  f i e l d  was brought t o  th e  luminance of 
th e  b r i g h t e s t  p o r t i o n  of the  g r a t i n g  f o r  0 .8  s ,  f o l l o w i n g  the  
p r e s e n t a t i o n  of the s e n s i t i z i n g  g r a t i n g .  To keep the  o v e r a l l  t o t a l  
t r i a l  t ime c o n s t a n t ,  t h e  f i e l d  was swept on ly  once by t h e  l i n e .  The 
r e sponses  to  the  b r i g h t  f i e l d  and s i n g l e  sweep phases  a re  shown f o r  
comparison  i n  f i g u r e  Mb. To e x t r a c t  the  component due t o  th e  b r i g h t  
f i e l d ,  the  exper iment was r e p e a t e d  w i th  the  mean luminance s u b s t i t u t e d  
f o r  th e  b r i g h t  f i e l d  ( f i g u r e  Me). Comparing f i g u r e s  Mb and Me r e v e a l s  
some a d d i t i o n a l  d e p re s s io n  due t o  the  b r i g h t  f i e l d .  By s u b t r a c t i n g  
f i g u r e  Mb from Me, th e  component due t o  th e  b r i g h t  f i e l d  i s  i s o l a t e d  
( f i g u r e  Md). The s h o r t - l i v e d  d e p re s s io n  seen  in  Md shou ld  be compared 
t o  the  d e p r e s s io n  in  t h e  f i r s t  c y c l e s  of Ma. C l e a r ly  th e  b r i g h t  f i e l d  
a f f e c t e d  the  r e sp o n se  much l e s s  than the  very narrow b r i g h t  p a r t s  of 
t h e  s i n u s o i d a l  g r a t i n g ,  which r u l e s  ou t  l i g h t  a d a p t a t i o n  as t h e  sou rce  
of the r e s p o n s e  m odula t ion .
In f a c t  even i f  the eye did  com ple te ly  l i g h t  adap t  t o  th e  whole 
b r i g h t  f i e l d ,  d a t a  from p rev ious  a u th o r s  ( e . g .  Matic and Laughin 1981) 
would p r e d i c t  a t  most a 20% r e sp o n se  d e p re s s io n  t o  an i n t e n s i t y  
i n c r e a s e  of 0.26 log  u n i t s .  Moreover,  g iven  t h a t  the  b r i g h t  f i e l d  was 
only v i s i b l e  f o r  0 .8  s out  of every  6.7 s ,  and l e s s  than tw ice  as 
b r i g h t  as the  background,  i t  i s  not  p o s s i b l e  t h a t  t h e  eye was f u l l y  
l i g h t  adapted  t o  the  h ighe r  l e v e l .  Experiments where th e  whole f i e l d  
was brought t o  t h e  low es t  luminance  i n  th e  a d a p t in g  g r a t i n g ,  show t h a t  
dark a d a p t a t i o n  i s  not  a f a c t o r  e i t h e r ;  a l s o  a t  the  luminances  used 
here  the  p u p i l  mechanism i s  i n e f f e c t i v e  ( S r i n i v a s a n  and Bernard 1980).
Chapter  IV
F igu re  5
(a) A s i n u s o i d a l  g r a t i n g  of waveleng th  9 . 7 °  and c o n t r a s t  O .1* 
remained on the  sc reen  f o r  208ms. A moving b r i g h t  l i n e  then  moved 
th rough  t h e  f i e l d  of view t h r e e  t imes d u r in g  t h e  time p e r io d  shown. 
The h is togram of 192 such t r i a l s  does not  show the  a c t i v i t y  of  H1 
d u r in g  th e  10 .6 s  between p r e s e n t a t i o n s  of t h e  s t a t i o n a r y  g r a t i n g  which 
was more than  s u f f i c i e n t  f o r  a l l  ev idence  of an a f t e r im a g e  t o  
d i s a p p e a r ,  b) Af te r im age  s t r e n g t h  as a f u n c t i o n  of g r a t i n g  exposure  
t im e .  These d a t a  p o in t s  were o b ta in e d  by av e ra g in g  s i x  s e t s  of 
h i s tog ra m s  f o r  5 exp o s u re s ,  o b t a in e d  from H c e l l s ,  or 192 t r i a l s  f o r  
each p r e s e n t a t i o n  t im e .  The f i t t i n g  procedure  d e s c r ib e d  in  Methods 
accounted  f o r  0.93 + 0 .05  s . d .  of  the v a r i a n c e .  E r ro r  ba rs  a r e  99%
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I n c l u d i n g  the  a d a p t in g  g r a t i n g  in  a l l  t h e  above exper im en t s  shows 
t h a t  whole f i e l d  s t i m u l i  do not  a l t e r  th e  a f t e r im a g e  p rocess  i n  some 
s t r a n g e  way, bu t  i n s t e a d  t h e  s m a l l e r  whole f i e l d  component mere ly  adds 
to  the  t o t a l  a f t e r i m a g e .  Secondly ,  a comparison of  f i g u r e s  4a and 4c 
dem ons t ra te s  t h a t  t h e  m odula t ions  a re  not  a re s p o n s e  o s c i l l a t i o n  s e t  
up by th e  o n s e t  of the moving l i n e  because  th e  m odula t ions  a r e  phase-  
locked  t o  t h e  former g r a t i n g  p o s i t i o n  r a t h e r  th a n  t o  t h e  o n s e t  of 
m o t io n .
Afte rimage dynamics
The r a t e s  of a f t e r im a g e  b u i l d  up and decay were de te rmined  f o r  a 
g r a t i n g  of t h e  near  optimum s p a t i a l  f r eq u en cy ,  0.1 c y c l e s  per degree 
(Dvorak e t  a l . 1980, S r in iv a s a n  e t  a l . 1980), and which was 
conven ien t  f o r  o th e r  e x p e r im en ta l  r e a s o n s .  Using t h e  same
a v e ra g in g  p rocedure  as i n  th e  l a s t  ex p e r im en t s ,  the  t ime cou rse  of 
a f t e r im a g e  decay was fo l lowed  by moving a s i n g l e  l i n e  t h r e e  t imes  
a c ro s s  the  CRT in  each t r i a l  ( f i g u r e  5 ) .  Longer and s h o r t e r  p a t t e r n  
p r e s e n t a t i o n  t imes were employed,  but  t h e  t o t a l  t r i a l  t ime was kept  
c o n s t a n t  by a d j u s t i n g  th e  long  i n t e r - t r i a l  t ime,  d u r in g  which a 
uni form f i e l d  was p r e s e n t e d  a t  t h e  mean luminance .
Six complete  s e t s  of measurements,  f o r  f i v e  p a t t e r n  p r e s e n t a t i o n  
t im es ,  were made on fo u r  c e l l s ,  and r e s u l t s  f o r  p a r t i c u l a r  
p r e s e n t a t i o n  t imes  were averaged  t o  g ive  a c l e a r e r  p i c t u r e .  A 
requ i re m en t  of t h e s e  exper im en ts  was t h a t  av e ra g e  r e s p o n s e  l e v e l s  were 
m a in ta in ed  th roughou t  a l l  d e t e r m in a t io n s  w i t h i n  a s e t  from one c e l l .  
While some v a r i a b i l i t y  of r e s p o n s iv e n e s s  between c e l l s  was t o l e r a t e d ,  
those  d a t a  s e t s  w ith  peak r a t e s  l e s s  than  70 i m p u l s e s / s  were 
d i s c a rd e d .  Ampli tude v a lu es  f o r  f i g u r e  5b were o b t a i n e d ,  as d e s c r ib e d
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The dependence of the a f te r im a g e  s t r e n g t h  upon c o n t r a s t .  
Exper imenta l  p ro to c o l  and d a t a  t r e a tm e n t  were s i m i l a r  t o  those  used in 
f i g u r e  5 bu t  a l l  c o n t r a s t s  were p r e s e n te d  f o r  0.8  s ,  and th e  i n t e r ­
p r e s e n t a t i o n  t ime of t h e  s t a t i o n a r y  g r a t i n g s  was 5 .8  s .  Four d a t a  
s e t s  from t h r e e  c e l l s  were averaged  t o  o b t a i n  th e  am pli tude  d a t a  and 
th e  p r o p o r t i o n  of v a r ia n ce  accoun ted  f o r  by f i t s  t o  the  d a t a  was 0.9M
+ 0.02 s . d . . Er ro r  bars  a re  95% con f idence  l i m i t s .
contrast
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The a f t e r im a g e  s t r e n g t h  de te rmined  f o r  d i f f e r e n t  s p a t i a l  
f requency  g r a t i n g s ,  a l l  a t  c o n t r a s t  0 .4 .  Experiments  and d a t a  
t r e a tm e n t  were o th e rw is e  as f o r  f i g u r e s  5 and 6, exposure  t ime was 
0 . 8 s .  Three d a t a  s e t s  on seven  s p a t i a l  f r e q u e n c i e s  from t h r e e  c e l l s  
were averaged ,  or  96 t r i a l s  per d a t a  p o i n t .  The e r r o r  ba rs  a r e  95$ 
conf idence  l i m i t s .  E r r o r s  a r e  l a r g e r  a t  low s p a t i a l  f r e q u e n c i e s  
because  fewer t rough  am p l i tudes  could be de te rm ined .  The curve  shown 
i s  a s c a le d  v e r s i o n  of t h a t  o b ta in ed  by S r i n i v a s a n  and Dvorak (1980) 
fo r  v e r t i c a l  r e v e r s i n g - c o n t r a s t  s i n u s o i d a l  g r a t i n g s  a t  1Hz.
spatial frequency - cycles per degree
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i n  Methods, by f i t t i n g  e q u a t io n  (2) t o  t h e  averaged  h i s to g ra m s .  The 
average t ime c o n s t a n t  of decay was 0.96 s +_ 0 .23  s . d . ,  w i th  no 
s t a t i s t i c a l l y  s i g n i f i c a n t  t r e n d  among t ime c o n s t a n t s  f o r  d i f f e r e n t  
a d a p t a t i o n  p e r i o d s .  The t r o u g h - t o -p e a k  am pl i tudes  i n  s p i k e s  per  
second ,  p l o t t e d  i n  f i g u r e  5b curve  show t h a t  a f t e r im a g e s  t e n d  t o  
s a t u r a t e  a f t e r  1s of p a t t e r n  p r e s e n t a t i o n .
In f lu e n c e  of  C o n t r a s t
A p ro ced u re  s i m i l a r  t o  t h a t  above was used t o  examine th e  
c o n t r a s t  dependence of the  a f t e r im a g e .  D e te rm in a t io n s  f o r  7 g rades  of 
c o n t r a s t  were made f o r  a g r a t i n g  p r e s e n t a t i o n  t ime of  0 .8  s ( f i g u r e  
6 ) .  Four complete s e t s  of d a t a  f o r  t h e  seven c o n t r a s t s  were 
de te rmined  i n  t h r e e  c e l l s ,  and th e s e  were averaged  t o g e t h e r  ( f i g u r e  
8 ) .  Response am pl i tudes  were f i t t e d  as b e fo re .  Again t h e r e  was no 
t r e n d  i n  th e  t ime c o n s t a n t s  which had an average  va lue  of  0.9 s +_ 0 .06  
s . d . .  The am pli tude  appea rs  t o  s a t u r a t e  a f t e r  c o n t r a s t  0 .4 .
I n f lu e n c e  of s p a t i a l  f requency
The s t r e n g t h  of  r e sponse  modula t ion  produced by the  a f t e r im a g e  as 
a f u n c t i o n  of s p a t i a l  f requency  was t e s t e d  us ing  g r a t i n g s  of c o n t r a s t  
0 .4 .  The r e s u l t  f o r  av e ra g in g  t h r e e  d a t a  s e t s  from 3 c e l l s  i s  g iven 
i n  f i g u r e  7. The curve  th rough  the  p o i n t s  i s  a s c a l e d  v e r s i o n  of th e  
c o n t r a s t  s e n s i t i v i t y  f u n c t i o n  (CSF) as de termined  f o r  1 Hz r e v e r s i n g  
c o n t r a s t  g r a t i n g s  i n  L u c i l i a  by S r i n i v a s a n  and Dvorak (1980) .  
Although th e  g r a t i n g s  used here  were s t a t i o n a r y ,  th e  comparison with  
the 1Hz curve  of  S r i n i v a s a n  and Dvorak (1980) seems j u s t i f i e d  as the  
CSF shape changes  l i t t l e  a t  low c o n t r a s t  f r e q u e n c i e s  (Dvorak e t  a l . 
1980), and because  a f t e r im a g e  fo rm a t io n  i s  l i t t l e  changed up t o
c o n t r a s t  f r e q u e n c i e s  of 4 Hz (Maddess 1985).  As mentioned e a r l i e r ,
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Averaged re sponse  h i s to g ra m s  f o r  the  v a r i e d  c o n t r a s t  exper iments  
of f i g u r e  6. N o t ic e  the  d ec reased  dep th  of t h e  f i r s t  few t ro u g h s  of 
r e s p o n s e  d e p re s s io n  f o r  h ighe r  c o n t r a s t s .  The s a t u r a t i o n  of  the 
a f t e r im a g e  e f f e c t  i s  a l s o  very e v i d e n t .  The exposure  t ime in  a l l
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t h e  small s h o r t - t e r m change in s e n s i t i v i t y  due t o  whole f i e l d
b r i g h t n e s s ( f i g u r e  4d) may be due t o  the  a f te r im a g e  p rocess a t  low
s p a t i a l  f r e q u e n c i e s , r a t h e r th a n  to  any s u b s t a n t i a l r e t i n a l
a d a p t a t i o n .  The low f requency  r o l l - o f f  fo r  a s t a t i o n a r y  g r a t i n g  would 
tend  t o  s u p p o r t  th e  c o n t e n t i o n  of S r i n i v a s a n  and Dvorak (1980) t h a t  
t h e r e  i s  a t o n i c  l a t e r a l  i n h i b i t i o n  p rocess  between r e t i n o t o p i c  sample 
p o i n t s ,  p r e s y n a p t i c  t o  H1.
D i r e c t i o n a l  s e l e c t i v i t y  and a f t e r im a g e s
The sha l low ness  of the  f i r s t  few t roughs  i n  the  sp a c e -a v e ra g e d  
r e s p o n s e s ,  e s p e c i a l l y  f o r  s t r o n g e r  c o n t r a s t s  ( f i g u r e  8 ) ,  have not  yet  
been i n v e s t i g a t e d .  The f i r s t  few cy c le s  of re sponse  o s c i l l a t i o n  have 
not  been used to  de termine  a f t e r im a g e  decay i n  th e  d a ta  p r e s e n t e d  so 
f a r .  The apparen t  weakness of the a f te r im a g e  dur ing  th e  f i r s t  few 
response  c y c l e s  appea rs  t o  r e s u l t  from a more t r a n s i e n t  p r o c e s s .  This  
p rocess  i s  a t r a n s i e n t  " f l i c k e r  response"  produced by th e  removal of 
t h e  s t a t i o n a r y  a d a p t in g  g r a t i n g .  Not u nexpec ted ly ,  t h e  f l i c k e r  
re sponse  d e c re ase s  with  d e c r e a s i n g  c o n t r a s t .  The t ime cou r se  of the 
change in  dep th  of t h e  f i r s t  few t roughs  ( f i g u r e  9a,  s o l i d  l i n e )  
c l o s e l y  fo l low s  the  f l i c k e r  r e s p o n s e  ( c . f .  f i g u r e  9a,  beaded l i n e ) .  
I t  i s  r e a s o n a b l e  to  assume t h a t  t h e  t r a n s i e n t  e x c i t a t i o n  a r i s e s  from 
much of H1’ s broad d e n d r i t i c  t r e e ,  and so t h i s  e x c i t a t i o n  t e nds  to  
mask t h e  m odu la t ion  t ro u g h s  produced by th e  l i n e  moving a c r o s s  d i s t a n t  
eye r e g i o n s .
This  e f f e c t  has some i n t e r e s t i n g  i m p l i c a t i o n s  f o r  th e  d i r e c t i o n a l  
s e l e c t i v i t y  of  H1. This  d i r e c t i o n a l i t y  i s  though t  to  a r i s e  from two 
s o u r c e s .  F i r s t l y ,  from d i r e c t i o n a l l y  s e l e c t i v e  r e t i n o t o p i c  u n i t s  
summed upon H1, and s eco n d ly ,  from i n h i b i t i o n  of  H1 by i p s i l a t e r a l
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Response of H1 to  v a r i e d  c o n d i t i o n s  of a d a p t a t i o n  and d i r e c t i o n  
of moving t e s t  l i n e s .  I n  t h e  fou r  exper im en ts  shown t h e r e  i s  a second 
t e s t  phase l a b e l l e d  p r e f e r r e d  where the  moving t e s t  l i n e  moved i n  H1' s  
p r e f e r r e d  d i r e c t i o n .  This  second phase dem ons t ra te s  t h a t  t h e  t e s t  
c o n d i t i o n s  imposed in  the  f i r s t  phase do l i t t l e  t o  a l t e r  th e  expec ted  
outcome f o r  motion i n  the  p r e f e r r e d  d i r e c t i o n .  Adap ting  g r a t i n g s  had 
wave leng th  9 .6 °  and c o n t r a s t  0 .8 .  Before the  p e r io d  shown t h e r e  was 
an a d ap t in g  pe r iod  and a r e s t  p e r io d  when a uniform f i e l d  a t  t h e  mean 
luminance was shown, making th e  t o t a l  t r i a l  p e r io d  10 s .  In (a)  the  
a d a p t in g  g r a t i n g  was p r e s e n t e d  fo r  3 .2  s p r i o r  t o  time ze ro .  The s o l i d  
l i n e  in  (a)  i s  the outcome when the  moving l i n e  moved i n  the  p r e f e r r e d  
d i r e c t i o n  dur ing  th e  t e s t  p e r io d ;  the  d i s t o r t e d  peak a t  t h e  t e s t -  
p r e f e r r e d  border  i s  an unavo idab le  a r t e f a c t .  The " f l i c k e r  r e sponse"  
( see  t e x t )  i s  shown d u r in g  t h e  t e s t  p e r io d  when no moving l i n e  i s  
p r e s e n t e d ,  a f t e r  p r e s e n t a t i o n  of  the  a d a p t in g  g r a t i n g  (beaded l i n e ) .  
The l i n e  moved i n  th e  n o n - p r e f e r r e d  d i r e c t i o n  d u r in g  t h e  t e s t  pe r iod  
in  both t r a c e s  shown in  ( b ) .  The two cases  e xp lo re d  in  (b) a r e  w i th  
( t h i n  l i n e )  and withou t  ( t h i c k  l i n e )  p r i o r  a d a p t a t i o n  t o  the  g r a t i n g .  
All  t r a c e s  a re  averaged  h i s to g ra m s  from two c e l l s .  Data f o r  each t e s t  
c o n d i t i o n  was ta k e n  in  b locks  of 32 t r i a l s  and t e s t  b locks  
( c o n d i t i o n s )  were p r e s e n t e d  i n  a randomised o r d e r .  Three complete 
s e t s  of d a t a ,  96 t r i a l s  f o r  each c o n d i t i o n ,  were o b t a in e d  from t h e  two 
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wide f i e l d  u n i t s  having t h e  o p p o s i t e  p r e f e r r e d  d i r e c t i o n  (Hausen 
1981).  I f  the p rob ing  l i n e  moves in  the  H 1 's  n o n - p r e f e r r e d  d i r e c t i o n ,  
t h e  f l i c k e r  re sponse  to  a s t r o n g  a d a p t in g  g r a t i n g  appea rs  and i s  
modulated  by the  motion of  the t e s t  l i n e  ( f i g u r e  9b, t h i n  l i n e ) .  When 
no a d a p t in g  g r a t i n g  has been p r e s e n t e d ,  t h e  t e s t  l i n e  moving i n  th e  
n o n - p r e f e r r e d  d i r e c t i o n  can sup p res s  almost  a l l  sp ike  a c t i v i t y  i n  H1 
( f i g u r e  9b, t h i c k  l i n e ) .  When an a f t e r im a g e  i s  p r e s e n t ,  i t s  i n i t i a l  
s t r e n g t h  appea rs  to  be a b l e  t o  mask the  l i n e  and so produce l i t t l e  or  
no r e sponse  d e p re s s io n  where the  b r i g h t  g r a t i n g  r e g io n s  were.  L a t e r ,  
when the  masking i s  l e s s  e f f e c t i v e ,  th e  moving l i n e  can aga in  d ep re s s  
t h e  re sponse  below th e  background s p ik e  r a t e  in  bo th  masked and 
unmasked r e g io n s  ( f i g u r e  9b, t h i c k  l i n e ) .  When the  masking i s  s t i l l  
s t r o n g  t h e  re sponse  d u r in g  masked p e r io d s  can o v e r - s h o o t  th e  normal 
f l i c k e r  r e s p o n s e ,  and t h i s  i s  p o s s i b l y  a d i s i n h i b i t i o n  e f f e c t .  The 
f a c t  t h a t  t h e  narrow l i n e ,  moving i n  t h e  n o n - p r e f e r r e d  d i r e c t i o n ,  i s  
ab le  t o  depress  the r e s p o n s e  over the  whole H1 neuron ,  would s u p p o r t  
t h e  n o t io n  of i n h i b i t i o n  by o t h e r  lo b u l a  p l a t e  neurons  (Hausen 1981) ,  
but  t h e s e  would a l s o  have t o  be i n f l u e n c e d  by the  a f t e r i m a g e .  
Whatever u n i t s  a re  m e d ia t in g  t h e  enhanced d i r e c t i o n a l  s e l e c t i v i t y ,  th e  
a f t e r im a g e  e f f e c t  would appear t o  r e s u l t  i n  a temporary l o s s  of t h i s  
enhancement .
Experiments w ith  p o s i t i v e  and n e g a t iv e  c o n t r a s t  s t i m u l i
One q u e s t i o n  a r i s i n g  from the s a t u r a t i o n  of the  a f t e r im a g e  i s  
whether or no t  i t  o ccu r s  as a r e s u l t  of on ly  the  b r i g h t  p o r t i o n s  of 
the  ad ap t in g  s t i m u l u s .  A second q u e s t i o n  i s  whether or not  the  
a f t e r im a g e  i s  a l i n e a r  r e p r e s e n t a t i o n  of t h e  s t i m u lu s .  To r e s o l v e  
t h e s e  q u e s t i o n s ,  9 .6 °  wide v e r t i c a l  ba rs  of p o s i t i v e  ( b r i g h t )  and 
n e g a t iv e  (dark)  c o n t r a s t s  ( see  Methods) were used as th e  a d a p t in g
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F ig u re  10
Space-averaged  r e s p o n s e s  to  the  fou r  pe rm u ta t ions  of dark and 
b r i g h t  ad ap t in g  b a r s  and p rob ing  l i n e s .  Bars were 9 .7 °  wide and l i n e s  
0 . 6 ° .  The ad ap t in g  bar  p o s i t i o n  in  t ime i s  g iven by the  
b lo c k s .  When the  a d a p t in g  bar  was removed the  p rob ing  l i n e  appea red  
and moved o f f  a t  93 .5°  per  second i n  the  p r e f e r r e d  d i r e c t i o n .  
C o n t r a s t s  f o r  l i n e s  and ba rs  were +0.8 ,  or  d e p a r t i n g  from the  mean 
i n t e n s i t y  by +0.26 lo g  u n i t s .  Al l  f i g u r e s  a r e  the  sums of a t  l e a s t  
128 a v e r a g e s ,  and a r e  from t h e  same c e l l .  The p o s i t i o n  vaca ted  by th e  
a d a p t in g  bar  was swept tw ice  by the  t e s t  l i n e ,  l e a v i n g  two "exposures"  
of th e  a f t e r im a g e  in  the  h i s tog ra m ,  t h e  f i r s t  and second
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s t i m u l i .
Both p o s i t i v e  and n e g a t iv e  c o n t r a s t  l i n e s  were used as the 
moving p robes ,  which passed  th e  eye tw ic e  in  each t r i a l ,  so  the 
h is tog ram s  r e p r e s e n t  the  s t a t e  of the bar  a f te r im a ge  a t  two decay 
t imes  ( f i g u r e  10).  Because t h e  l i n e  swept t h e  whole f i e l d  of view 
once i n  0 . 8 s ,  the  a r e a  p r e v i o u s l y  c o n t a i n i n g  the  bar  was exposed t o  
t h e  moving l i n e  f o r  only  a few hundred  m i l l i s e c o n d s .  Given the  
measured t ime c o n s t a n t s  of decay seen so f a r  (about  1s) one can be 
c e r t a i n  t h a t  th e  a f t e r im a g e s  due t o  th e  b a r s ,  have r e l a t i v e l y  c o n s ta n t  
s t r e n g t h  while  th e  l i n e  t r a v e r s e d  t h a t  r e g i o n .  The d e t e c t i o n  of 
moving b r i g h t  l i n e s  i s  more a f f e c t e d  by th e  a f t e r im a g e  th a n  t h a t  of 
dark l i n e s  ( c . f .  f i g u r e  10a,b and 1 0 c , d ) .  For t h i s  r ea s o n  the  
m a j o r i t y  of the  da ta  p r e s e n te d  i n  t h i s  paper a r e  o b ta in ed  us ing  moving 
b r i g h t  l i n e s .  The most s t r i k i n g  f e a t u r e  of  th e  curves  i n  f i g u r e  10a,b 
i s  t h a t  t h e  s e n s i t i v i t y  p r o f i l e ,  which i s  t h e  a f t e r im a g e  of th e  ba r ,  
resembles  a b l u r r e d  second d e r i v a t i v e  of the  b a r ,  s u g g e s t i n g  t h a t  the  
a f t e r im a g e  occurs  a t  or a f t e r  t o n i c  l a t e r a l  i n h i b i t i o n  of r e t i n o t o p i c  
e lements  ( e . g .  Marr 1976),  which has been d i s c u s s e d  e a r l i e r ,  a g a in  
t h i s  e f f e c t  i s  b e s t  s een  f o r  th e  b r i g h t  l i n e  p robes .
A consequence f o r  the  i n t e r p r e t a t i o n  of  exper iments  on g r a t i n g s  
now becomes c l e a r .  The v i s i b i l i t y  of th e  b r i g h t  r e g io n s  of moving 
g r a t i n g s  i s  d im in ished  by bo th  th e  b r i g h t  and the  dark r e g io n s  of the 
p r e v io u s l y  s t a t i o n a r y  g r a t i n g .  This  comes about  because  r e g io n s  
c o r re s p o n d in g  t o  the  b r i g h t  r e g io n s  of the  s t a n d i n g  g r a t i n g  have 
d ep re s sed  s e n s i t i v i t y  t o  moving p o s i t i v e  c o n t r a s t s  ( f i g u r e  10a) ,  while  
a t  the  same t ime dark r e g io n s  tend  to  s u p p re s s  r e s p o n s iv e n e s s  in  t h e i r  
f l a n k i n g  r e g io n s  ( f i g u r e  10b) ,  i . e .  a l s o  i n  th e  b r i g h t  r e g i o n s .  The
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Figure 11
Responses obtained as for figure 10c but over a range of 
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F ig u re  12
Responses o b ta in ed  as f o r  f i g u r e  10a but  over a range  of  a d a p t in g  
bar  c o n t r a s t s  ( p o s i t i v e / b r i g h t ) ,  and u s ing  a c o n t r a s t  0 .8  ( b r i g h t )


















F igu re  13
Responses ob ta ined  as f o r  f i g u r e  10b 
adap t ing  bar  c o n t r a s t s  ( n e g a t i v e / d a r k ) , and with
but  over a range  of  
b r i g h t  p rob ing  l i n e
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re s p o n s e  t o  th e  dark r e g io n s  of th e  moving g r a t i n g  tends  to  c o u n t e r a c t  
the  d e p re s s io n  caused by b r i g h t  r e g i o n s ,  s i n c e  b r i g h t  and dark r e g io n s  
of t h e  moving g r a t i n g  produce t h e i r  e f f e c t s  s im u l ta n e o u s l y ,  but  180 
degrees  out of phase .  However, r e sp o n se  d e p re s s io n  t o  n e g a t iv e  
c o n t r a s t s  i s  weaker,  and a sym m etr ic a l ly  so ( f i g u r e  1 0 c ,d ) .  Thus,  
l a r g e s t  c o n t r i b u t i o n  t o  reduced  s e n s i t i v i t y  probab ly  a r i s e s  from the  
a l t e r e d  s e n s i t i v i t y  t o  moving p o s i t i v e  c o n t r a s t s  of eye r e g io n s  s e e i n g  
the  dark p o r t i o n s  of the a d a p t in g  g r a t i n g  by th o s e  same a r e a s  low er ing  
s e n s i t i v i t y  on t h e i r  f l a n k s .
The s imple  n a t u r e  of  the  bar s t i m u l i  a l s o  a l lows  o th e r  f a c t o r s  in  
th e  a d a p t a t i o n  p rocess  to  be examined.  In  p a r t i c u l a r ,  t h e  s a t u r a t i o n  
of the a f t e r im a g e s  produced by s i n u s o i d a l  g r a t i n g s  could  be due t o  
s a t u r a t i o n  of th e  a f t e r im a g e  p rocess  i n  those  eye r e g i o n s  lo o k in g  a t  
b r i g h t  g r a t i n g  r e g i o n s .  To dem ons t ra te  t h i s ,  the  t h r e e  cases  where 
s t r o n g  e f f e c t s  were s e e n ,  i . e .  b r i g h t  a d ap t in g  bar and dark p rob ing  
l i n e ,  b r i g h t  and dark a d a p t in g  bars  and b r i g h t  p robing  l i n e ,  were a l s o  
i n v e s t i g a t e d  a t  f i v e  lower c o n t r a s t s  f o r  an average of  4 s e t s  of d a t a  
from 3 c e l l s  f o r  each of t h e  t h r e e  s t im u lu s  pe rm u ta t ions  showing the  
l a r g e s t  e f f e c t  ( f i g u r e s  11, 12 and 13).  Comparing the  two cases  where 
th e  p rob ing  l i n e  was b r i g h t ,  i t  appea rs  t h a t  t h e  r e sponse  d e p re s s io n  
f o r  a d a p t a t i o n  t o  a b r i g h t  bar ( f i g u r e  12) s a t u r a t e s  a t  h ig h e r  
c o n t r a s t s ,  w h i le  th e  dep th  of the  d e p re s s io n  f o r  a d a p t a t i o n  t o  t h e  
dark  bar  ( f i g u r e  11) does n o t .
The s a t u r a t i o n  i s  dem onst ra ted  by the  f i r s t  and second 
d e t e r m in a t io n s  of th e  a f t e r im a g e  ’ p i c t u r e '  t o  be s i m i l a r ,  as appea rs  
t o  be the  case in  f i g u r e  12. This  im pres s ion  was q u a n t i f i e d  by 
s u b t r a c t i n g  c o n t r o l  r e s p o n s e s  ( e . g .  f i g u r e  3b) from a l l  the  d a t a  in
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Figur  e 1M
Comparison of  the a f t e r im a g e  e f f e c t s  o b ta in ed  by p rob ing  w i th  a 
moving b r i g h t  l i n e  ( c o n t r a s t  0 . 8 ) ,  f o r  a d a p t a t i o n  to  n e g a t iv e  ( l e f t  
column),  and p o s i t i v e  ( r i g h t  column) c o n t r a s t  b a r s .  Examples of the 
r e s u l t  when c o n t r o l  h i s to g ra m s ,  ( e . g .  f i g u r e  3) a r e  s u b t r a c t e d  from 
adap ted  r e s p o n s e s  f o r  the  a d a p t in g  s t i m u l i :  a) dark  bar  ( c o n t r a s t
- 0 . 8 ) ,  b) b r i g h t  bar ( c o n t r a s t  0 . 8 ) .  Comparison of t h e  maximum depth  
of r e sp o n se  d e p re s s io n  as a f u n c t i o n  of a d a p t in g  c o n t r a s t s  f o r : -  dark 
( c ) , and b r i g h t  ( d ) , a d a p t in g  b a r s  f o r  t h e  f i r s t  and second 
d e t e r m i n a t i o n s .  Normalized r a t i o s  of f i r s t  (D ) and second (D^) 
d e t e r m in a t io n s  of maximum d e p re s s io n s  (ar rows)  a re  shown as a f u n c t i o n  
of c o n t r a s t  fo r  dark ( e ) ,  and b r i g h t  ( f )  a d a p t in g  b a r s .  Th is  index 
compares th e  r a t i o s  of t h e  f i r s t  and second maximum d e p r e s s io n s  f o r  a 
p a r t i c u l a r  c o n t r a s t  (C) w i th  the  r a t i o  o b ta in ed  f o r  the  h i g h e s t  
c o n t r a s t  (+ 0 .8 ) ,  and was c a l c u l a t e d  a t  each c o n t r a s t  as:
[ (C)/D^ (C) ] /  [ D2(0 .8 ) /D  (0 .8 )  ] .  The index i s  always nea r  1.0 
i n  (e)  s i n c e  a t  every  c o n t r a s t  the r a t i o  of D /D i s  n e a r l y  always the  
same. R a t io s  a r e  small  in  ( f )  because a t  high c o n t r a s t s  t h e  second 
d e t e r m in a t io n  has decayed l i t t l e  compared to  the  f i r s t ,  i n d i c a t i n g  
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f i g u r e s  11 and 12. The r e s u l t a n t  d i f f e r e n c e  f u n c t i o n s  ( f i g u r e  1*la,b) 
al lowed  the  comparison of the f i r s t  and second  sweep ’ p i c t u r e s ’ of the  
a f t e r im a g e .  The d e p re s s io n  decays by a c o n s t a n t  f r a c t i o n  from f i r s t  
t o  the  second d e t e r m in a t io n  f o r  dark a d a p t in g  ba rs  case  ( f i g u r e s  14c) .  
In  o th e r  words,  fo r  any c o n t r a s t ,  the  a f t e r i m a g e ' s  s t r e n g t h  f o r  an 
a d ap t in g  bar a t  any one t ime b ea rs  a c o n s t a n t  r a t i o  t o  i t s  s t r e n g t h  
a f t e r  a f i x e d  time ( f i g u r e  I 4 e ) .  On t h e  o th e r  hand,  the  Bb c u rv e s  in  
f i g u r e  I4d show t h a t ,  a l though  the  system appears  to  adap t  l e s s  
e f f e c t i v e l y  to  high p o s i t i v e  c o n t r a s t s ,  i t  s t i l l  ' remembers '  t h e  
s t r e n g t h  of the a d a p t in g  s t i m u l u s ,  because  the  d e p re s s io n  caused  by 
th e  a f t e r im a g e  i s  s t i l l  l a r g e  a t  t h e  second d e t e r m in a t io n .  Thus the  
r a t i o  of second to  f i r s t  t rough  i s  s m a l l e s t  f o r  high c o n t r a s t s ,  
s u p p o r t i n g  t h e  f i n d i n g  t h a t  th e  a f t e r im a g e  p ro c e s s ,  or c e l l s  
p r e s y n a p t i c  t o  i t ,  s a t u r a t e  a t  high p o s i t i v e  c o n t r a s t s .  The r e a d e r  i s  
reminded t h a t  t h e s e  ' h i g h '  c o n t r a s t s  a re  a t  most only 0.26 lo g  u n i t s  
b r i g h t e r  than  the  average over th e  CRT. Moreover,  due t o  th e  s h i f t i n g  
of bar  p o s i t i o n s  between t r i a l s ,  any one eye f a c e t  saw a p ie c e  of the  
ad ap t in g  bar f o r  5 out  of 32 t r i a l s ,  and w i t h i n  t h o s e  5 t r i a l s  the  bar  
was only p r e s e n t e d  f o r  0 .8 s  out  of 6 .7 s  or one e i g h t h  of t h e  t r i a l  
t i m e .
Another s t r i k i n g  f e a t u r e  emerges from the  bar  d a t a .  The c e n t r a l  
component of th e  cu rv es  i n  f i g u r e  13, does not  appea r  t o  s h r i n k  
p r o p o r t i o n a l l y  between the  f i r s t  and th e  second d e t e r m i n a t i o n s .  
S p e c i f i c a l l y ,  th e  c e n t r a l  p o r t i o n  of a l l  t h e  c u rv e s ,  c o r re s p o n d in g  to  
where the  dark bar  was, r e t a i n s  a f i x e d  r e s p o n s i v e n e s s ,  w h i le  th e  
o the r  components s h r in k  with  d e c re a s in g  c o n t r a s t .  At t h e  low es t  
c o n t r a s t  (0 .1 )  on ly  an e x c i t a t i o n  i s  s een ,  b u t ,  by the  second  
d e t e r m in a t io n  t h i s  c e n t r a l  p o r t i o n  t o t a l l y  c o l l a p s e s  to  a n o tc h .
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Figur  e 15
Response decay- t im es  fo r  re s p o n s es  to  90° phase-jumped s t i m u l i  
f o r  i n c re a s e d  exposure  time w i th in  a f i x e d  t r i a l  t ime of 11 .6s  f o r  one 
c e l l .  The a d d i t i o n a l  exposure t ime i s  the exposure  t ime in  a d d i t i o n  
t o  the  1.6 s r e q u i r e d  by t h e  f i x e d  t e s t  p e r io d .  For a l l  exposures  the  
g r a t i n g  had c o n t r a s t  0 .8  and wave length  9 . 7 ° .
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T e s t s  show t h a t  th e  q u ic k ly -d e c a y in g  c e n t r e  p o r t i o n  does not  o r i g i n a t e  
in  the  n o n d i r e c t i o n a l  component seen e a r l i e r  ( f i g u r e  9 ) .  An 
e x p l a n a t i o n  might be t h a t  th e  ’'memory" of surround u n i t s  i s  s h o r t e r  
than c e n t r e  u n i t s .
Af te r im ages  and the  r e sp o n se  t o  jumped s t i m u l i
S eve ra l  a u t h o r s ,  have used jumped p a t t e r n s  in  an a t tem p t  to  
c h a r a c t e r i s e  t h e  f requency  r e s p o n s e  of H1 in  terms of i t s  " v e l o c i t y  
impulse  r e sponse"  (S r in iv a s a n  1983, Zaagman e t  a l . 1983).  I f  the 
neuron responds  l i n e a r l y  t o  i n c r e a s e s  i n  jump am p l i tude ,  t h e n  i t s  
f requency  r e sp o n se  i s  r e l a t e d  t o  the  impulse r e sp o n se  by the  F o u r i e r  
t r an s fo rm  ( e . g .  Bracewel l  1978). However, H1 responds  q u i t e
n o n l i n e a r l y  t o  i n c r e a s i n g  jump s i z e  p a r t i c u l a r l y  i f  the s t im u lu s  i s  
near  o p t im a l ,  t h a t  i s ,  a g r a t i n g  near  0.1 c y c l e s  per degree .  In
exper iments  where t h e s e  g r a t i n g s ,  hav ing  c o n t r a s t  0 .8 ,  were jumped in  
the  p r e f e r r e d  d i r e c t i o n  between two CRT f r a m e - w r i t e s ,  H1 ' s r e s p o n s e  
could be d e s c r ib e d  as l i n e a r  up t o  d i sp la cem e n ts  of only 0 . 1 5 ° ,  or an 
e q u i v a l e n t  v e l o c i t y  of 23° per  second.  This  i s  a very smal l
d isp lacem en t  compared t o  t h e  s t r o n g e s t  p o s s i b l e  s i n g l e  jump s t im u lu s  
f o r  such a g r a t i n g ,  i . e .  a 90° phase s h i f t  ( A/4) ( f i g u r e  17a); which 
i s  t h e  l a r g e s t  jump a g r a t i n g  can make and have i t s  d i r e c t i o n  of 
movement be unambiguously i n t e r p r e t e d .  The e q u i v a l e n t  angu la r  
v e l o c i t y  o b t a in e d  f o r  a jump of A/4 i n  one CRT f r a m e - w r i t e ,  6 .5  ms, or 
374° per  second i s  i l l u s o r y  because ,  w i th  i n t e r - j u m p  t imes  of much 
g r e a t e r  than  1s,  t h e  f i n i t e  width  of  H1’ s v e l o c i t y  im pulse r e sponse  
means t h a t  H1 cou ld  no t  d i s t i n g u i s h  the  s i n g l e  A/4 jump from
cont inuous  mot ion a t  about 24° per  second p r e s e n t e d  over 100ms
( S r i n i v a s a n  1983, Zaagman e t  a l .  1983).  S i m i l a r l y ,  th e  small  s i n g l e  
jump of 0 .15°  cou ld  not  be d i s t i n g u i s h e d  from con t inuous  motion a t
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Response decay- t im es  f o r  exper iments  on two c e l l s  where 
s t a t i o n a r y  ad ap t in g  g r a t i n g  had i t s  c o n t r a s t  a l t e r e d .  The g r a t i n g  and 
t r i a l  pe r iods  were as f o r  f i g u r e  15, but  g r a t i n g s  of each c o n t r a s t  
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1 .5°  per  second p r e s e n te d  over a s i m i l a r  p e r io d .
To put  t h e s e  numbers i n t o  p e r s p e c t i v e  i t  should be r e a l i s e d  t h a t  
f l i e s  give re s p o n s es  to  s i m i l a r  g r a t i n g s  moved a t  angu la r  v e l o c i t i e s  
ran g in g  from 1 t o  1000° per  second (McCann and M acGin it ie  1965), 
a l though  the  peak r e s p o n s e  i s  given around 30° per  second;  and the  
op timal angu la r  v e l o c i t y  f o r  an H1 neuron i n  the  unadapted s t a t e  i s  
around 100° per  second (Maddess and Laugh l in  1985).  S in g le  jumps 
p r e s e n te d  more f r e q u e n t l y  only  improve H1' s r e s o l u t i o n  of f a s t e r  
motion (Zaagman e t  a l . 1983); a l th o u g h ,  s t u d i e s  us ing  con t inuous
motion i n d i c a t e  t h a t  t h e  m o t i o n - r e l a t e d  a d a p t a t i o n  p rocess  (Maddess 
and Laughl in  1985),  w i l l  not begin  t o  save H1 from response  
s a t u r a t i o n ,  u n t i l  c o n t r a s t  f r e q u e n c i e s  of a few Hz a re  r eac hed .  Thus, 
i t  seems H1 normal ly  o p e r a t e s  o u t s id e  i t s  l i n e a r  o p e r a t i n g  r a n g e .
In  th e  fo l l o w in g  ex p e r im e n t s ,  bo th  smal l  d i sp la cem e n ts  where H1’ s 
r e s p o n s e  i s  n e a r l y  l i n e a r ,  and l a r g e r  90° phase s h i f t s  of a s i n u s o i d a l  
g r a t i n g ,  have been used t o  show t h a t  t h e  width  of t h e  r e s u l t i n g  
r e sp o n se  f u n c t i o n  i s  broadened by c o n d i t i o n s  where s t r o n g  a f t e r im a g e s  
e x i s t .  Square g r a t i n g s ,  as used by Zaagman e t  a l .  (1983) ,  a re  as 
e f f e c t i v e  as s i n u s o i d a l  g r a t i n g s  a t  p roduc ing  a f t e r im a g e s  (Maddess 
1985, Chapter  5 ) .
Q uar te r  wavelength  jumps
S in u s o id a l  g r a t i n g s  w i th  wavelength  9 . 7 °  were jumped by a q u a r t e r  
w aveleng th ,  in  a paradigm s i m i l a r  t o  t h a t  used to  demonst ra te  
i n c r e a s i n g  r e sp o n se  modula t ion  w i th  p r e s e n t a t i o n  t ime of  a s t a n d i n g  
g r a t i n g .  Two ways of enhancing a f t e r im a g e  e f f e c t s  were ex p lo re d ,  i . e .  
i n c r e a s e d  c o n t r a s t  of a g r a t i n g  p r e s e n t e d  f o r  a f i x e d  p e r io d ,  and
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Examples of re s p o n s es  to  90° phase jumped g r a t i n g s ,  a)  The 
g r a t i n g  was l e f t  on th e  e n t i r e  t ime and a smal l  "pre- jump" of 0 .15°  
preceeded  th e  s i n g l e  l a r g e  jump. The sm a l l e r  b u r s t  due t o  th e  p r e ­
jump d id  not  a l t e r  the  t ime  c o n s t a n t  of decay,  compared t o  the  case 
when no pre-jump was given  (no t  shown), and i s  c e r t a i n l y  b roader  than  
the  re sponse  in  ( b ) .  b) The g r a t i n g  i s  shown on ly  d u r in g  the  f i x e d  
t e s t  p e r io d .  The s m a l l e r  " s w i t c h i n g - t r a n s i e n t s "  co r respond  t o  the  
g r a t i n g  ap p ea r in g  and d i s a p p e a r i n g .  The more adap ted  r e s p o n s e  of  (a)  
i s  shown in dots  above t h e  l e s s  adap ted  r e s p o n s e  of ( b) .  The b u r s t  
due t o  the  pre-jump in  (a)  i s  comparable i n  magnitude,  and g r e a t e r  in  
d u r a t i o n ,  tha n  t h e  smal l  i n i t i a l  b u r s t  in  (b) but  the  pre- jump does 
not  a f f e c t  the  b roaden ing  of  the r e s p o n s e  t o  the  l a r g e  jump i n  ( a ) .  
Thus, th e  narrowness  of t h e  r e s p o n s e  t o  th e  l a r g e  jump in  (b) does 
not appear t o  be due t o  t h e  p resence  of  the s w i t c h i n g - t r a n s i e n t s .
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in c re a s e d  exposure  p e r io d  t o  a g r a t i n g  of  f i x e d  c o n t r a s t .  For the  
l a t t e r ,  a uniform f i e l d  a t  t h e  mean luminance  was p r e s e n te d  fo r  a 
p e r io d  in  each t r i a l ,  and the  p r e s e n t a t i o n  t ime of the  adap t in g  
g r a t i n g  was t r a d e d  a g a i n s t  d u r a t i o n  of th e  uniform f i e l d  t o  keep the 
t o t a l  t r i a l  pe r io d  c o n s t a n t .  Following the  a d a p t a t i o n  p e r io d  each 
t r i a l  c o n ta in ed  a f i x e d  sequence d u r in g  which th e  g r a t i n g  was jumped. 
I n  t h i s  sequence the  g r a t i n g  c o n t r a s t  was changed from i t s  a d ap t in g  
va lue  to  0.8  f o r  3 .2  s ,  and i n  t h e  middle of t h i s  p e r io d  th e  g r a t i n g  
was jumped by one q u a r t e r  w avelength  i n  H1’ s p r e f e r r e d  d i r e c t i o n .  The 
l e n g t h  of t h e  t e s t  sequence  was de termined  on t h e  b a s i s  of c o n t r o l s  to  
be d i s c u s s e d .
In  exper iments  with  v a r i a b l e  exposure p e r io d s  the  c o n t r a s t  of the 
a d a p t in g  g r a t i n g  was f i x e d  a t  0 .8 .  The p o r t i o n  of t h e  response  
h is togram from the peak to  the  end of  the  f i x e d  t e s t  sequence was 
f i t t e d  with  a s imple e x p o n e n t i a l  l i k e  t h a t  of e q u a t io n  2. F igu re  15 
shows a p lo t  of t ime c o n s t a n t s  o b ta in ed  in  t h e s e  expe r im en t s ,  f o r  a 
range  of exposure p e r i o d s ,  f o r  t h e  same c e l l .  P o i n t s  i n  f i g u r e  15 
were o b ta in e d  in  a randomised o r d e r .  Three more c e l l s  were t e s t e d  a t  
the  extremes  of exposu re ,  i . e .  t h e  manditory  1 .6s  of c o n t r a s t  0 .8  and 
the  f u l l  11.6s exposure t o  the  c o n t r a s t  0.8 g r a t i n g .  The average t ime 
c o n s t a n t  f o r  the  1 .6s  p r e s e n t a t i o n s  was 0 .73s  +_ 0.11 s . d .  in  seven
measurements on t h e  fou r  c e l l s .  When th e  g r a t i n g  was l e f t  on the  
e n t i r e  11 .6s ,  th e  average t ime c o n s ta n t  o b t a in e d  in  n ine  t e s t s  on the  
same fou r  c e l l s  i n c r e a s e d  t o  1.07s +_ .15 s . d .  ( f i g u r e  17b),  the  r a t i o
of t h e  two r e s u l t s  being 1 .46 .  C o n d i t io n s  p roducing  weaker 
a f t e r im a g e s  a p p a r e n t l y  y i e l d  r e s p o n s e s  to  motion (jumps) which decay
more q u ic k ly .
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A c l e a r  t r e n d  towards s a t u r a t i o n  of the  b roadening  a f f e c t  i s  
i n d i c a t e d  by c o n t r a s t  0.5  or 0 .6  ( f i g u r e  16) as  f o r  e a r l i e r  r e s u l t s  
o b ta in e d  on t h e  s t r e n g t h  of the  a f te r im a g e  ( f i g u r e  6) .  Time c o n s t a n t s  
fo r  ad ap t in g  c o n t r a s t s  0 .0 ,  0.3» 0 .6 ,  0 .8  were measured tw ic e  in  a
t h i r d  c e l l  t o  conf irm t h i s  t r e n d .  S i m i l a r  r e s u l t s  were o b t a in e d  in 
two o th e r  c e l l s  f o r  a s h o r t e r  t r i a l  t im e .  As with  i n c r e a s e d  exposure  
t ime,  t h e  o th e r  paramete r  expec ted  t o  i n c r e a s e  a f t e r im a g e  s t r e n g t h ,  
c o n t r a s t ,  a l s o  broadens  the r e s p o n s e .
The need f o r  some c o n t r o l  p rocedures  a r i s e s  because  th e  exchange 
of t h e  a d a p t in g  g r a t i n g  f o r  t h e  t e s t  sequence  r e s u l t e d  in  a marked 
t r a n s i e n t  r e s p o n s e .  Reducing the  t ime between jumps of a t e s t  p a t t e r n  
r e s u l t s  in  narrowed re s p o n s e s  t o  s u c c e s s i v e  jumps (Zaagman e t . a l . 
1983),  t h e r e f o r e  i t  i s  p o s s i b l e  t h a t  the  r e l a t i v e  narrowness  of 
r e sponses  to  the  A/4 jumps given a f t e r  a d a p t a t i o n  t o  low c o n t r a s t s ,  
p re s e n te d  h e r e ,  could r e s u l t  from th e  a d a p t iv e  e f f e c t s  of the  
p reced ing  smal l  t r a n s i e n t s .  However, i n t e r - j u m p  t imes  exceed ing  1s 
r e s u l t  i n  l i t t l e  or no r e sp o n se  nar rowing (Zaagman e t  a l .  1983),  as 
was confirmed in  c o n t r o l  expe r im en t s .  T h e re fo re  the  f i x e d  t e s t  
sequence was in t ro d u c e d  so t h a t  the  A/4 jump always occured  1.6s 
a f t e r  the  c o n t r a s t  t r a n s i t i o n  and i t s  a s s o c i a t e d  " s w i t c h in g -  
t r a n s i e n t " .  Moreover,  the  r e sp o n se  na r row ing  observed  by th o s e  
a u t h o r s  b u i l d s  up over  time so  t h a t  t h e  e f f e c t  of a s i n g l e  small 
r e sp o n se  every  11.7 s i s  very s m a l l .  With a f o u r t h  of  the  t e s t  p e r io d  
t h e r e  was a n o t i c e a b l e  d e c re ase  i n  re s p o n s e  b roadening  in  exper im en ts  
on two c e l l s  (unpub l i shed  o b s e r v a t i o n ) .  Also the  s w i tc h i n g -
t r a n s i e n t s '  s i z e  s a t u r a t e d  by c o n t r a s t  0 . 4 ,  while  t h e  r e s p o n s e  
b roadening  c o n t in u e s  to  grow. The s w i t c h i n g  t r a n s i e n t s  were a l s o  
mimicked by smal l  jumps p reced ing  a A/4 t e s t  jump, and a l th o u g h  the  
r e s p o n s e s  t o  t h e  small  jumps were l a r g e r  and lo n g e r  th a n  t h o s e  of the
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(a)  V e lo c i ty  impulse r e s p o n s e s  o b ta in ed  w i th  ( s o l i d  c u r v e ) ,  and 
withou t  ( d o ts )  a s t r o n g  a f t e r im a g e .  (b) The d i f f e r e n c e  of t h e  two 
f u n c t i o n s  p l o t t e d  a t  an e n la rg ed  s c a l e  showing t h a t  the  s t i m u l i  
producing  a f t e r im a g e s  i n c r e a s e  t h e  t ime to  peak as w el l  as t h e  t ime 
c o n s t a n t  of decay.  Except f o r  the  s m a l l e r  t e s t  jumps the  exper iment 
was as the  v a r i b l e  exposure  time exper im en ts  shown i n  f i g u r e  15. The 
two a f t e r im a g e  s t r e n g t h s  were g en e ra ted  by l e a v i n g  th e  g r a t i n g  on 
co n t in u o u s ly  ( s o l i d  l i n e ) ,  and only  f o r  th e  f i x e d  t e s t  sequence




Chapter  IV Page 147
s w i t c h i n g - t r a n s i e n t s , t h e  small  jumps did not  narrow t h e  r e s p o n s e  to  
the l a r g e r  jump ( f i g u r e  17a) .  T h e r e f o re ,  th e  c o n t r o l  measures f o r  the  
a l t e r e d  c o n t r a s t  exper im en ts  would seem to  be a d eq u a te ,  and so t h e  two 
param ete rs  expec ted  t o  i n c r e a s e  a f t e r im a g e  s t r e n g t h ,  i n c r e a s e d  
a d a p t in g  c o n t r a s t  and exposure  t ime ,  appea r  t o  broaden r e s p o n s e s  of  H1 
in  i t s  n o n l in e a r  r e s p o n s e  r e g i o n .
Jumps in  the  l i n e a r  range
S t im u l i  p roducing  a f t e r im a g e s  a l s o  broaden r e s p o n s e s  to  jumps 
small  enough to  be i n  H1 ’ s l i n e a r  r e s p o n s e  r ange .  Four c e l l s  were 
each t e s t e d  w i th  jumps of 0 .1 5 °  imposed w i th  ( f i g u r e  18a, s o l i d  l i n e )  
and w ithout  (d o t s )  a s t r o n g  a f t e r im a g e .  A t o t a l  of 15 i n t e r l e a v e d  
p a i r s  of d e t e rm in a t io n s  f o r  the  two c o n d i t i o n s  were o b t a in e d  from 
th e s e  c e l l s ,  and each d e t e r m in a t io n  was t h e  average  r e s p o n s e  to  25 
jumps. All  h i s tog ram s  were smoothed by two runn ing  means p r i o r  to  
be ing summed to  g ive  t h e  cu rves  of f i g u r e  18a.  S tanda rd  d e v i a t i o n s  a t  
each re sponse  p o in t  a r e  about  the  w id th  of  the  d o t t e d  cu rve .  A " t -  
t e s t "  fo r  p a i r e d  samples ,  u s in g  the  d a t a  p o i n t s  o c c u r r i n g  a f t e r  the  
jump, i n d i c a t e s  the  p r o b a b i l i t y  of th e  r e s p o n s e  being u n a l tu r e d  by 
a f te r im a g e  producing  s t i m u l i  i s  l e s s  than  0.0005.  The d i f f e r e n c e  
curve  ( f i g u r e  18b ) shows t h a t  as w el l  as decaying f a s t e r  t h e  l e s s
adap ted  r e s p o n s e s  have a f a s t e r  r i s e  t im e .
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D is c u s s io n
C l e a r ly ,  a powerful  a f t e r im a g e  p rocess  e x i s t s  on the  pathway t o  
H1. C o n t ro l s  show t h a t  p h o to re c e p to r  a d a p t a t i o n  i s  not  t h e  s o u rce  of 
th e s e  e f f e c t s ,  and l i g h t  c o n d i t i o n s  were to o  low fo r  p up i l  mechanisms 
to  c o n t r i b u t e  ( S r i n i v a s a n  and Bernard 1980).  This  a f t e r im a g e  
s a t u r a t e s  w i th i n  a few seconds ,  but  i t s  e f f e c t s  a re  e a s i l y  measured 
a f t e r  p r e s e n t a t i o n  of a s t a t i o n a r y  a d a p t in g  s t im u lu s  f o r  on ly  a few 
hundred m i l l i s e c o n d s .  The a f t e r im a g e  then  decays f o r  some seconds  
f o l l o w in g  th e  removal of th e  a d a p t in g  s t i m u l u s .  The u n i t s  m e d ia t in g  
t h i s  e f f e c t  appear t o  be r e t i n o t o p i c a l l y  d i s t r i b u t e d  because  even a
Q
l i n e  as narrow as 0 .8  produces  s t r o n g  d e p r e s s i o n .  These neu rons  with  
long  time c o n s t a n t s  must l i e  a t  or a f t e r  a s t a g e  c o n t a i n i n g  l a t e r a l  
i n h i b i t i o n  because the  s e n s i t i v i t y  p r o f i l e  l e f t  by s t a n d i n g  o b j e c t s  i s  
more c l o s e l y  d es c r ib e d  by something l i k e  t h e  second d e r i v a t i v e  of th e  
o b j e c t ’ s i n t e n s i t y  p r o f i l e  r a t h e r  than  th e  o r i g i n a l  p r o f i l e .  Thus, 
f o r  b r i g h t e r  than  ave rage  moving s t i m u l i ,  th e  p e r s i s t e n t  s e n s i t i v i t y  
p r o f i l e s  look l i k e  Mach bands.  Evidence f o r  the  l a t e r a l  i n h i b i t i o n  
a l s o  comes from th e  low s p a t i a l  f r equency  r o l l - o f f  i n  t h e  f u n c t i o n  
d e s c r i b i n g  the  s t r e n g t h  of  the  a f t e r im a g e  a t  d i f f e r e n t  s p a t i a l  
f r e q u e n c i e s  ( f i g u r e  7 ) .  T h i s  f u n c t i o n  i s  very  s i m i l a r  t o  c o n t r a s t
s e n s i t i v i t y  f u n c t i o n s  (CSF's)  o b ta in e d  from H1 f o r  r e v e r s i n g  c o n t r a s t  
g r a t i n g s  ( S r i n i v a s a n  and Dvorak, 1980). T h i s  i s  i n t e r e s t i n g  because 
a f t e r im a g e  s t r e n g t h  i n  humans has a s i m i l a r  r e l a t i o n s h i p  w i th  the  
human CSF determined  a t  about  1 Hz (Kel ly  1979 ,1980) .
I s  the a f te r im a g e  r e l a t e d  t o  o p t o k i n e t i c  memory?
Shore c rabs  compute the  apparen t  mot ion  of o b j e c t s  by u s in g  a 
long  l a s t i n g  memory to  compare p a s t  and p r e s e n t  p o s i t i o n s  of o b j e c t s
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(Horridge 1966),  and neurons  of long  time c o n s ta n t  which could  media te  
t h i s ,  were s u b se q u e n t ly  found in  the  medulla of c rabs  (Erber  and 
Sandeman, 1976).  Given t h a t  a f t e r im a g e s  r e p r e s e n t  a type  of memory 
i t  i s  tempting t o  suppose t h a t  a f t e r im a g e s  and o p t o k i n e t i c  memory may 
be two a s p e c t s  of t h e  same mechanism. Unpublished exper im en ts  on 
L u c i l i a  g ive a t  b e s t  equ ivoca l  answers .  In t h e s e  e x p e r im en t s ,  a 
v e r t i c a l  s i n u s o i d a l  g r a t i n g  of c o n t r a s t  0.6  f o r  was p r e s e n t e d  fo r  
s e v e r a l  seconds ,  and s u b s e q u e n t ly  th e  s t im u lu s  c o n t r a s t  was lowered  t o  
ze ro  f o r  a pe r iod  known to  be much l e s s  t h a n  s u f f i c i e n t  t o  al low 
a f t e r im a g e  decay.  A f te r  t h i s  p e r io d  the  ad ap t in g  g r a t i n g  r e a p p e a re d  
e i t h e r  i n  t h e  same p o s i t i o n  or  moved by one q u a r t e r  waveleng th  i n  the  
p r e f e r r e d  or n o n - p r e f e r r e d  d i r e c t i o n .  The r e s p o n s e s  f o r  th e  p r e f e r r e d  
d i r e c t i o n  could  not be d i s t i n g u i s h e d  from th o s e  fo r  no jump, while  
n o n - p r e f e r r e d  d i sp la cem e n ts  y i e ld e d  a s l i g h t  i n h i b i t o r y  e f f e c t .  This  
i s  q u i t e  u n l i k e  the  c l e a r  e x c i t a t o r y  and i n h i b i t o r y  r e s p o n s e s  t o  
apparen t  motion o b ta in e d  by Wiersma and H i r s h  (1974) i n  i n t e r n e u r o n s  
a p p a r e n t l y  coding o p t o k i n e t i c  memory in  c r u s t a c e a n s .  So i t  seems we 
can r u l e  out  any such s t r o n g  e f f e c t s  i n  H1.
L a t e r a l  i n h i b i t i o n
Two l i n e s  of ev idence ,  based  on the  shape of the s e n s i t i v i t y  
changes produced by o b j e c t s ,  and t h e  low f requency  r o l l - o f f  fo r  
com ple te ly  s t a t i o n a r y  g r a t i n g s ,  have been given f o r  a l a t e r a l  
i n h i b i t o r y  p ro c e s s .  Large monopolar  c e l l s  i n  L u c i l i a  have i n h i b i t o r y  
f l a n k s  ( e . g .  Dubs 1982),  but  very l i t t l e  t o n i c  r e s p o n s e .  For  t h e r e  to  
be s i g n a l s  f o r  the  c e l l s  m e d ia t in g  the  a f t e r im a g e  p rocess  t h e r e  must 
be channe ls  w ith  t o n i c  r e s p o n s e s  and l a t e r a l  i n h i b i t i o n .  The only 
c e l l s  meet ing th e s e  q u a l i f i c a t i o n s  recorded  from to  d a t e  a r e  the  
’ s u s t a i n e d  u n i t s ’ r e c o rd e d  e x t r a c e l l u l a r l y  from th e  f i r s t  o p t i c
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chiasma by A rn e t t  (1972) (see  a l s o  S t r a u s f e l d  and Campos-Ortega 1973, 
B ra i t e n b e rg  and Debbage 197^0 .
E l im in a t io n  of  redundancy i n  s i g n a l s  coded by ch a n n e l s  with  
l i m i t e d  numbers of s i g n a l  s t a t e s ,  has been one of t h e  most commonly- 
c i t e d  r ea sons  f o r  l a t e r a l  i n h i b i t i o n  ( e . g .  Barlow 1961).  The 
’ p r e d i c t i v e  c o d in g ’ , by l a t e r a l  i n h i b i t i o n ,  has r e c e n t l y  been put 
forward  ( S r i n i v a s a n  e t  a l .  1982) as a system to  e l i m i n a t e  the  
s t a t i s t i c a l l y  p r e d i c t a b l e  c o r r e l a t i o n  between channe ls ,  and i t  seems 
to  e x p l a i n  th e  re s p o n s es  of  LMC's and p o s s i b l y  some o th e r  c e l l s .  
However ’ p r e d i c t i v e  coding '  cannot  be o p e r a t i n g  in  the  t o n i c  channe ls  
r e q u i r e d  fo r  a f t e r im a g e  fo rm at ion  because  systems employing 
’ p r e d i c t i v e  c od ing ’ pass no p a r t  of the mean, or ze ro  temporal  
f r equency ,  i . e .  no t o n i c  luminance s i g n a l .  Given t h a t  th e s e  c e l l s  a re  
not per forming as well as they might ,  i f  they sought t o  e l i m i n a t e  
redundancy,  what o th e r  advan tage  might  l a t e r a l  i n h i b i t i o n  o f f e r ?  
Given the  t o n i c  n a t u r e  of the s i g n a l s ,  one p o s s i b i l i t y  i s  t h a t  the  
t o n i c  u n i t s  supp ly  in f o r m a t io n  s p e c i f i c a l l y  f o r  the  a f t e r im a g e  
p r o c e s s .
Loss of d i r e c t i o n a l  s e l e c t i v i t y
The d i r e c t i o n a l  s e l e c t i v i t y  of some l o b u l a  p l a t e  g i a n t  neurons 
appea rs  to  be enhanced by mutual i n h i b i t i o n  (Hausen 1981),  p o s s i b ly
between H1 and the HS neurons ,  which have o p p o s i t e p re f  e r r e d
d i r e c t i o n s . S ince the a f t e r im a g e  can a l s o mask th e response
d e p re s s io n i n  H1 due to mot ion  in  th e  n o n - p r e f e r r e d  d i r e c t i o n ,  t h i s
would mean t h a t  t h e  enhancement of d i r e c t i o n a l i t y  was a l s o  s u p p re s se d .  
In  p a r t i c u l a r  i t  has been shown t h a t  the  a f t e r im a g e  can mask the  
i n h i b i t o r y  i n f l u e n c e  of a l i n e  moving i n  t h e  n o n - p r e f e r r e d  d i r e c t i o n .
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This temporary loss of inhibitory influence has already been reported 
for the case when the moving stimulus is a grating (Maddess 1985, 
Chapter 5).
Afterimages in flies and humans
While it is not clear or suggested that the process described 
here is exactly equivalent to afterimages in humans, some comparative 
discussion is warranted. In humans the afterimage system appears to 
explain reduced visibility of stationary, as opposed to flickering, 
spatial frequencies below 1.3 cycles per degree (Kelly 1980, Burbeck 
and Kelly 1984). The afterimage process also acts at velocities 
corresponding to normal eye drift, reducing sensitivity over the same 
spatial frequency range. The loss of sensitivity appears to build up 
as a simple integrator, at least for spatial frequencies below 1.3 
cycles per degree, and the afterimage masking decays exponentially 
with a time constant of 4.2 seconds. This is about four times slower 
than that reported here for flies. It is possible that this ratio 
reflects the relative time resolution of human and fly eyes (e.g. 
Howard et al. 1984). Above 1.3 cycles per degree, and at high angular 
velocities, other processes appear to dominate threshold elevation 
(Kelly 1980).
It is intriguing that afterimages in humans influence human 
perception at low velocities (<1.0° per second) corresponding to eye 
drift, because like humans, flies have saccadic and slow drift (Land 
1973)- If the role of the two afterimage effects were related to 
these natural eye drift velocities, one might expect afterimages to 
persist up to similar velocities in fly. However, in Lucilia
afterimages produced by moving gratings persist up to angular
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v e l o c i t i e s  of 40° per  second (Maddess 1985, Chapter  5 ) .  Thus,  the 
d i f f e r e n c e  i n  ranges  of v e l o c i t y  over which t h e  f l y  and human e f f e c t s  
p e r s i s t  would s u g g e s t  t h a t  they a r e  not  f u n c t i o n a l l y  r e l a t e d .
However, t h e  temporal  f requency  ranges  over  which t h e s e  e f f e c t s  
m a n i fe s t  themselves  i n  humans and f l i e s  a re  not  markedly d i f f e r e n t .  
Th i s  i s  because the  pass -band  of s p a t i a l  f r e q u e n c i e s  v i s i b l e  t o  the  
f l y  i s  so low r e l a t i v e  t o  t h a t  of humans ( see  Dvorak e t  a l . ,  f i g u r e  
7) .  Hence,  th e  upper  temporal  f requency  l i m i t s  f o r  a f t e r im a g e s  in 
f l i e s  and humans i s  2-4 Hz (Maddess 1985, Chapter  5 ) ,  and 0 .5  Hz 
(Kelly 1980) r e s p e c t i v e l y .  T h e re fo re  t h e  two e f f e c t s  i n  f l i e s  and 
humans may be f u n c t i o n a l l y  r e l a t e d ,  no t  i n  te rms of r e t i n a l  d r i f t  
v e l o c i t i e s ,  bu t  in  terms of p ro c e s s in g  t h e  low tempora l  f requency  
components of the v i s u a l  world .  Perhaps c o i n c i d e n t l y , l i k e  the  r a t i o s  
of the  decay t imes of th e  a f t e r im a g e  e f f e c t s  in  humans and f l i e s ,  th e  
temporal  f requency o p e r a t i n g  bands a re  ag a in  w i t h i n  the  range  of  the 
r a t i o  of the human and f l y  p h o to re c e p to r  tem pora l  a c u i t i e s .  Thus the  
pr imary f u n c t i o n  of a f t e r im a g e s  may to  enhance the  v i s i b i l i t y  of 
h ighe r  temporal  f requency  in fo rm a t io n  a t  the  expense of  the low.
I n t e r p r e t a t i o n  of the f l y  a f t e r im a g e  e f f e c t
The i n t e r p r e t a t i o n  of the a f t e r im a g e  e f f e c t  i n  f l i e s  i s  l i m i t e d  
by a l a ck  of knowledge about  what uses  t h e  f l y  may put  H1’ s a c t i v i t y  
t o .  H1 ' s response  i s  modif ied  by a f t e r i m a g e s  and th e  s t r o n g l y  
modulated r e s p o n s e s  f r e q u e n t l y  o v e r - s h o o t  t h e  unmodulated one ( f i g u r e s  
2 and 9) i n d i c a t i n g  a s e n s i t i v i t y  i n c r e a s e .  On th e  o th e r  hand,  
modula t ion  reduces  th e  t o t a l  number of s p i k e s .  Thus,  p o s t s y n a p t i c
c e l l s  t h a t i n t e g r a t e s l u g g i s h l y , w i l l  be l e s s e x c i t e d  when H1
e x p e r i e n c e s s t r o n g  a f t e r im a g e s  ( e . g . bold cu rv es i n  f i g u r e  2) . By
c o n t r a s t , c e l l s  f a s t enough to f  ol 1 ow the modula t ions w i l l
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o c c a s i o n a l l y  be more e x c i t e d  when a f t e r im a g e s  a r e  p r e s e n t .
Afte r im ages  and " p a r a m e t r i c  c o n t ro l "
One p o s s i b i l i t y  f o r  th e  r o l e  of the a f t e r im a g e  e f f e c t  i s  t h a t  i t  
i s  t h e  same as th e  " p a r a m e t r i c  c o n t r o l "  r e c e n t l y  d e s c r ib e d  by R ie h le  
and F ra n c e s c h in i  (1984).  They found t h a t  s e q u e n t i a l  i l l u m i n a t i o n  of 
s i n g l e  p h o to re c e p to r s  caused d i r e c t i o n a l l y  s e l e c t i v e  r e s p o n s e s  i n  H1, 
and t h a t ,  " th e  c h a r a c t e r i s t i c  ON-OFF re s p o n s e  t o  the  second s t im u lu s  
has to  be primed by p r i o r  a c t i v a t i o n  of  the  a d j a c e n t  c h an n e l" ,  and 
they  s u b se q u e n t ly  proposed a p a r a m e t r i c  c o n t r o l  over  t h e  f a c i l i t a t i o n  
of the passage of the second s i g n a l  to  g ive  the  r e s p o n s e .  This  
g a t in g  p e r s i s t e d  whether  th e  100ms f l a s h e s  used o ve r la pped  i n  t ime or 
i f  they  only  were in  sequence .  The p e r s i s t e n c e  s u g g e s t s  a degree  of 
memory w i th in  t h e i r  p a r a m e t r i c  c o n t r o l ,  and so a p o s s i b l e  l i n k  t o  th e  
a f te r im a g e  e f f e c t s .
On the  o th e r  hand,  i n v e s i t g a t i o n s  of H 1 's  v e l o c i t y  impulse 
re sponse  (Zaagman e t  a l .  1983) show t h a t  t h e  motion d e t e c t i n g  system 
p r e s y n a p t i c  t o  H1 has an i n t e g r a t i o n  t ime of  around 100ms f o r  i n t e r ­
p r e s e n t a t i o n  t imes  i n d i c a t e d  by R ie h le  and F r a n c e s c h i n i  (1984) .  Thus 
the  e x c i t a t i o n  t o  the  f i r s t  100ms f l a s h  could  e a s i l y  p e r s i s t  
th roughou t  th e  d u r a t i o n  of a second t e m p o r a l l y  a b u t t e d  f l a s h ,  and a 
f u r t h e r  a f t e r i m a g e - l i k e  memory, dependent  on th e  d u r a t i o n  of  the f i r s t  
s t i m u l u s ,  i s  not  r e q u i r e d .  Experiments p r e s e n t e d  i n  t h i s  paper  show
t h a t  even very powerful  a f t e r im a g e s  a l t e r  the  motion d e t e c t i o n  
sy s tem ’ s tempora l  r e s o l u t i o n  only  l i t t l e  ( f i g u r e  18a ) .  Moreover,  the  
a f t e r im a g e  b u i l d s  up r a p i d l y  f o r  up t o  a second ( f i g u r e  5 a ) ,  p e r s i s t s  
f o r  s e v e r a l  seconds ,  but  as d i s c u s s e d ,  does no t  g e n e r a t e  s e n s i t i v i t y  
to  apparen t  mot ion,  when the  a f t e r im a g e  i s  s t r o n g  and a p p a re n t  motion
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i s  s im u la te d  by p r e s e n t i n g  s t i m u l i  0 .8s  a p a r t .  While,  t h i s  r e s u l t  
does not  r u l e  out  th e  a f t e r im a g e  be ing  r e l a t e d  t o  the  p a r a m e t r i c  
c o n t r o l  i t  would be odd i f  s t r o n g  a f t e r im a g e s  do not  f a c i l i t a t e  an 
a p p a re n t  mot ion  s i g n a l  whi le  p r e s e n t a t i o n s  of a b r i e f  (100ms) priming 
f l a s h  can.  I t  seems more l i k e l y  t h a t  th e  i n t e g r a t i o n  t ime of  the 
motion d e t e c t i n g  system tends  t o  l i m i t ,  to  a few hundred m i l l i s e c o n d s ,  
the p e r io d  over which a priming f l a s h  can a f f e c t  a second f l a s h .
Afte r im ages  du r ing  normal eye v e l o c i t i e s
During f l i g h t ,  a f t e r im a g e s  w i l l  a f f e c t  the  v i s i b i l i t y  of  o b j e c t s  
with  r e l a t i v e l y  slow r e t i n a l  expansion  v e l o c i t i e s .  The r e t i n a l  
expans ion v e l o c i t y  of an o b j e c t  in  the  f low f i e l d  i s  p r o p o r t i o n a l  to  
a b s o lu t e  v e l o c i t y  d iv ided  by d i s t a n c e  t o  the  p lane p e r p e n d i c u l a r  to  
the  d i r e c t i o n  of motion which c o n t a in s  the  "expanding” o b je c t  (Wagner 
1982).  The i n v e r s e  of t h i s  q u a n t i t y  i s  known as t h e  " t im e  to  c o n ta c t "  
(Lee 1980).  Thus, excep t  f o r  o b j e c t s  w i th  s e l f - m o t i o n ,  a l l  d i s t a n t  
o b j e c t s  in  p lanes  p e r p e n d i c u l a r  t o  the  pa th  of mot ion  w i l l  have 
r e l a t i v e l y  slow r e t i n a l  expans ion  v e l o c i t i e s .  Since a f t e r im a g e s  
reduce  t h e  t im e-ave raged  v i s i b i l i t y  of moving o b j e c t s ,  t h i s  might  mean 
a r e l a t i v e  enhancement of the v i s i b i l i t y  of  near  versus  f a r  o b j e c t s .  
A lso ,  when th e  animal t u r n s ,  t h e  p r e v i o u s l y  n e a r - s t a t i o n a r y  d i s t a n t  
o b j e c t s  sweep a c ro s s  eye r e g io n s  not  d e s e n s i t i s e d  by a f t e r i m a g e s ,  and 
i t  i s  t o  such motion d i r e c t i o n s  t h a t  H1 i s  tune d .  Coupled w i th  l o c a l  
the a d a p t a t i o n  of  eye r e g io n s  to  l o c a l  v e l o c i t y  c o n d i t i o n s  (Maddess 
and Laughl in  1985),  t h e  two e f f e c t s  t a k e n  t o g e t h e r  would enhance H1’ s 
r e l a t i v e  s e n s i t i v i t y  t o  o b j e c t s  l i k e l y  t o  be of most use t o  the  f l y ,  
i . e .  nearby  o b j e c t s ,  or  t h o s e  whose v e l o c i t i e s  a re  a s u b s t a n t i a l  
d e v i a t i o n  from the c u r r e n t  mean seen a t  a p a r t i c u l a r  l o c a l  eye r e g i o n .
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Conclusions
The f a c t  t h a t  a m o t i o n - s e n s i t i v e  neuron (H1) i s  so s t r o n g l y  
a f f e c t e d  by an a f te r im a g e  p r o c e s s ,  and t h e  involvement of s i m i l a r  
e f f e c t s  in  human v i s i o n ,  seems to  confirm the im por tance of 
a f t e r im a g e s  f o r  p e r c e p t i o n  of t h e  low te m pora l  f requency  p o r t i o n  of 
the  moving world .  Thus,  u n d e r s t a n d in g  a f t e r i m a g e s  i s  a p r e r e q u i s i t e  
f o r  a q u a n t i t a t i v e  d e s c r i p t i o n  of th e  s p a t i o - t e m p o r a l  r e s p o n s e  of 
normal f l y  v i s i o n .
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Summary
Recent f i n d i n g s  on a p rocess  which e f f e c t s  the r e s p o n s e  of  the  
f l y  mot ion  s e n s i t i v e  neuron "H1" i s  d i s c u s s e d .  The p rocess  i s  s i m i l a r  
to  a f t e r im a g e  fo rm a t io n  i n  humans in  t h a t  i t  can mask the  v i s i b i l i t i y  
of o b j e c t s  t o  H1. New r e s u l t s  a re  p r e s e n te d  showing t h a t  the  
a f t e r im a g e  o p e r a t e s  a t  v e l o c i t i e s  c r e a t i n g  temporal  modula t ion  of  up 
to  4 Hz, and so must be c o n s id e re d  along wi th the  gain  c o n t r o l  in  any 
d e s c r i p t i o n  of  H1 ' s  behav iou r .
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I n t r o d u c t i o n
The word a d a p t a t i o n  has been a p p l i e d  t o  a range of neurona l  and 
psychophys ica l  phenomena. E f f e c t s  which s e p a r a t e  bodies  of  l i t e r a t u r e  
d e s c r ib e  as a d a p t a t i o n  m a n i f e s t  themselves  in  a s i n g l e  f l y  o p t i c  lobe 
neuron known as H1. H1 i s  one of a c o l l e c t i o n  of d i r e c t i o n a l l y  
s e l e c t i v e  o p t i c  lobe neurons  coding a l l  degrees  of freedom of o p t i c a l  
f low f i e l d  mot ion:  H1 i s  s e n s i t i v e  to  h o r i z o n t a l  s i d e - s l i p  and yaw 
movements counte r  t o  the  usual  f low f i e l d  d i r e c t i o n  (Hausen 1981).  
The f i r s t  form of a d a p t a t i o n  i s  a ga in  c o n t ro l  procedure  govern ing  the  
accuracy  wi th  which the  motion s i g n a l  i s  r e p r e s e n t e d  (Maddess and 
Laughl in  1985, Chapter  1) . The second form i s  l i k e  an a f te r im a g e  
(Chapter  4 ) .  Both p ro ces s e s  appear t o  be computed over l o c a l i s e d  eye 
r e g io n s  by n e u ra l  elements  p r e s y n a p t i c  t o  H1, which sums t h e s e  s i g n a l s  
over v i r t u a l l y  the  whole eye.  The a f t i m a g e - l i k e  e f f e c t  p e r s i s t s  up t o  
angu la r  v e l o c i t i e s  of 40 ° / s ,  and so w i l l  s t r o n g l y  a f f e c t  H1 ' s
r e sp o n se  over a l a r g e  p a r t  of i t s  o p e r a t i n g  ran g e .
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Methods
The methods have been d e s c r ib e d  p r e v i o u s l y  (Maddess 1985, Chapter  
4 ) ,  however a b r i e f  overview w i l l  be g iven he re .  V isua l  s t i m u l i  were 
g e n e ra te d  on a T e k t ro n ic s  604 d i s p l a y  moni tor  under the  c o n t r o l  of a 
D i g i t a l  E l e c t r o n i c s  Company LSI 11-03 computer and a home b u i l t  
d i s p l a y  b u f f e r .  The frame r e f r e s h  t ime was 6.5 ms. P a t t e r n s  used 
in c lu d ed  s in e  and s q u a re  wave g r a t i n g s ,  and t h i n  l i n e s .
Sheep b l o w f l i e s ,  L u c i l i a  c u p r i n a , were each f i x e d  w i th  i n s e c t  wax 
to  a s t a n d  and s u b se q u e n t ly  o r i e n t e d  t o  th e  moni to r  so  t h a t  t h e i r  
r i g h t  eye viewed the  s c r e e n .  E x t r a c e l l u l a r  r e c o r d i n g s  of H 1 's  sp ike  
a c t i v i t y  were monitored  by th e  computer c o n t r o l i n g  th e  s t i m u l u s .
In  the  a f t e r im a g e  exper iments  the procedure  was m od i f ied  from 
t h a t  d e s c r ib e d  e a r l i e r  (Chapter  4) .  I n  th o s e  exper iments  a s t a t i o n a r y  
a d ap t in g  s t im u lu s  was b r i e f l y  p r e s e n t e d  t o  the  eye .  Following t h i s ,  a 
scene  a t  th e  mean luminance ,  and f e a t u r e l e s s  but  f o r  a s i n g l e  v e r t i c a l  
l i n e ,  r e p l a c e d  the  a d a p t in g  s t i m u l u s .  Th is  l i n e  swept the  moni tor  
face  coming t o  r e s t  a t  i t s  s t a r t i n g  p o s i t i o n .  When t h e  l i n e  completed 
i t s  t r a v e r s e  i t  too  d i s a p p e a re d  and the  mean luminance scene  then 
remained on f o r  a t ime more th a n  s u f f i c i e n t  f o r  th e  a f t e r im a g e  to 
d i s a p p e a r .  The moving l i n e  s e r v e s  as a probe f o r  changes in  
s e n s i t i v i t y  t o  moving o b j e c t s ,  t h e s e  changes showing up as r e s p o n s e  
f l u c t u a t i o n s  i n  H1 . Th is  sequence was r e p e a t e d  many t imes  wi th  one 
v a r i a t i o n :  t h e  s t a r t i n g  p o s i t i o n  of t h e  p rob ing  l i n e  and th e  a d a p t in g  
s t im u lu s  changed,  w i th  the  e f f e c t  of ave ra g ing  o u t ,  over th e  many 
t r i a l s ,  t h e  s p a t i a l  w e ig h t in g  f u n c t i o n  of  H1. The r e s u l t i n g  re sponse  
h i s tog ram s  thus  d e s c r ib e  the  average decay in  t ime of  the  a f t e r im a g e .
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Prev ious  exper iments  (Chapter  4) show the  e f f e c t s  of a l t e r i n g  th e  
c o n t r a s t ,  d u r a t i o n ,  s p a t i a l  f r eq u en cy ,  and o the r  a s p e c t s  of t h e  
a d a p t in g  s t i m u l u s ,  as well  as the e f f e c t  of dark and l i g h t  p rob ing  
l i n e s .  In  t h e  new exper im en ts  d e s c r ib e d  he re  th e  a d a p t in g  s t i m u l i  
were moved a t  7 o c taves  of angu la r  v e l o c i t y  from 1.^6 to  93-54 ° / s ,  t o  
t e s t  a f t e r im a g e  p e r s i s t e n c e  a t  t h e s e  s peeds .
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R e s u l t s
A f t e r im a g e - l i k e  E f f e c t s
The a f t e r i m a g e - l i k e  e f f e c t  d e s c r ib e d  in  t h i s  s e c t i o n  bears  some 
resemblance  t o  t h e  r e v e r s e  c o n t r a s t  a f t e r im a g e s  seen by humans a f t e r  
b r i e f  exposure t o  low c o n t r a s t  s t a t i o n a r y  a d a p t in g  s t i m u l i .  In 
psychophys ica l  exper im en ts  in v o l v in g  moving s i n u s o i d a l  g r a t i n g s  moved 
a c ro s s  o p t i c a l l y  s t a b i l i z e d  r e t i n a s ,  th e  g r a t i n g  a f t e r im a g e s  appear t o  
p e r s i s t  a t  temporal  f r e q u e n c i e s  of up to  0 .5  h z , and have been 
im p l i c a t e d  in  the  s p a t io te m p o ra l  tu n ing  mechanisms of human v i s i o n  
(Kelly  1980).
In p rev ious  work (Chapter  4) the  e f f e c t  found i n  f l i e s  has been 
shown to  be not  due to  p h o to r e c e p to r  l i g h t  a d a p t a t i o n ,  bu t  i n s t e a d  a 
product  of a system occur ing  b e fo re  motion computat ion which 
i n t e g r a t e s  i t s  inpu t  over a few hundred m i l l i s e c o n d s ,  and decays away 
e x p o n e n t i a l l y  w i th  a t ime c o n s ta n t  of about 0.5  t o  0.9 s .  In  r e sp o n se  
t o  s i n u s o i d a l  i n t e n s i t y  g r a t i n g s  p re s e n te d  fo r  0 .8  s once every 13 s ,  
the  a f t e r im a g e  i s  s a t u r a t e d  by c o n t r a s t s  of 0 .4 ,  and a t  t h i s  c o n t r a s t  
a f t e r im a g e s  from a d a p t in g  s t i m u l i  p r e s e n te d  f o r  as  l i t t l e  as 200 ms 
can p e r s i s t  f o r  a few seconds .  Whole f i e l d  i l l u m i n a t i o n  and
m odera te ly  low s p a t i a l  f r e q u e n c i e s  a re  not  as e f f e c t i v e  as h ighe r  
s p a t i a l  f r e q u e n c i e s .  In r e s p o n s e  t o  a d ap t in g  s t i m u l i  c o n s i s t i n g  of  a 
s i n g l e  b a r ,  both  dark and l i g h t  bars  y i e l d  re sponse  d e p re s s io n .  In  
the case of  dark b a r s ,  a p o r t i o n  of  the  r e sp o n se  d e p re s s io n  co n t in u es  
to  grow f o r  up to  1 s a f t e r  t h e  a d a p t in g  s t im u lu s  i s  removed,  even a t  
c o n t r a s t s  as low as 0 .1 .  The r e sp o n se  t o  moving b r i g h t  o b j e c t s  i s  
more a f f e c t e d  than  a re  dark ones .  F i n a l l y ,  t h e r e  i s  a l s o  a s h o r t ­
l i v e d  l o s s  of d i r e c t i o n a l  s e l e c t i v i t y  accompanying th e  a d a p t a t i o n .
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F igu re  1
After image e f f e c t s  fo r  s t i m u l i  moving in  H 1 's  p r e f e r r e d  ( a ) ,  and 
n o n -p re f e r r e d  (b) d i r e c t i o n s .  (a) The e f f e c t  of p r i o r  a d a p t a t i o n  with  
( t h i n  l i n e ) ,  and wi thou t  ( t h i c k  l i n e ) ,  a h igh c o n t r a s t  s t a t i o n a r y  
a d a p t in g  g r a t i n g  p re sen te d  between mot ion  t r i a l s .  The dashed l i n e  
i n d i c a t e s  the p e r io d  when th e  t e s t  g r a t i n g  was i n  motion ,  much of  the 
remain ing  3 .1s  s t a t i o n a r y  phase i s  not  in  the  p i c t u r e .  The 180° phase 
s h i f t  of (b) i s  c o n s i s t e n t  w i th  th e  e a r l i e r  f i n d i n g  (Chapter  H) t h a t  
b r i g h t e r - t h a n - a v e r a g e  moving o b j e c t s  a re  most e f f e c t e d .  All  t r a c e s  
a r e  the  average  of 32 t r i a l s ,  and th e  p o i n t s  i n  t h e  smooth h is tog ram s  
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F ig u re  1 dem ons t ra te s  t h i s  l a s t  e f f e c t ,  as  well  as some o th e r  
s a l i e n t  f e a t u r e s .  The t h r e e  t r a c e s  i n  f i g u r e  1 c o n t a in  an H1 ' s 
n e u r o n ' s  r e sponse  t o  a c o n t r a s t  0.15  s i n u s o i d a l  g r a t i n g ,  of s p a t i a l
Q
f requency  0 .21 ,  moving a t  46.8 / s .  The g r a t i n g  moved f o r  1.7 s ( the
p e r io d  l a b e l l e d  "motion time c ou rse" )  w i th in  a r e p e a t e d  p e r io d  of 5.8 
s .  The r e sponses  of f i g u r e  1a r e s u l t e d  from the g r a t i n g  moving in  
H1' s p r e f e r r e d  d i r e c t i o n ,  w hile  the  g r a t i n g  moved i n  t h e  o p p o s i t e  
d i r e c t i o n  f o r  f i g u r e  1b. The s t r o n g l y  modulated r e sponse  of  f i g u r e  1a 
( t h i n  l i n e )  r e s u l t e d  when, d u r in g  the  3.1 s i n t e r - s t i m u l u s  p e r io d ,  the  
eye was adap ted  t o  a s t a t i o n a r y  g r a t i n g  of  the same wavelength  as the 
t e s t  g r a t i n g  but with c o n t r a s t  0 .8 .  In  a d d i t i o n  t o  t h e  e f f e c t  of the  
high c o n t r a s t ,  the  modula t ion  dep th  i s  enhanced because the  p e r i o d i c  
g r a t i n g  e f f e c t i v e l y  s e t s  up a p e r i o d i c  s e n s i t i v i t y  mask a c r o s s  the  
eye .  Thus,  the  modula t ion  i s  i n c r e a s e d  in  p r o p o r t i o n  t o  th e  number of 
synchronous ly  i n t e r a c t i n g  g r a t i n g  c y c l e s ,  and adap ted  eye r e g i o n s .
In  the  case of  the d a r k e r ,  l e s s  modulated curve ,  i n  f i g u r e  1a, 
the  eye was shown only  a f e a t u r e l e s s  f i e l d  a t  t h e  mean luminance 
between motion t e s t s .  As w i l l  be shown, the  weak m odula t ions  r e s u l t  
from an a f t e r im a g e  s e t  up by th e  moving t e s t  g r a t i n g  i t s e l f ,  which 
p e r s i s t s  between the  s h o r t  i n t e r - t e s t  t ime ( 3 . 1 s ) .  P r e v io u s ly  
r e p o r t e d  exper iments  (Chapter  4) show t h a t  t h e s e  weaker m odula t ions  
d i sap p ea r  w i th  longe r  i n t e r - t e s t  i n t e r v a l s .  Like th e  s t r o n g l y  
modulated ( t h i n  l i n e )  r e s p o n s e  i n  f i g u r e  1a,  t h e  r e s p o n s e  i n  f i g u r e  1b 
was o b ta in ed  wi th  p r i o r  a d a p t a t i o n  t o  th e  high c o n t r a s t  s t a t i o n a r y  
g r a t i n g .  However, i n  f i g u r e  1b t h e  t e s t  g r a t i n g  moved i n  H1' s non­
p r e f e r r e d  d i r e c t i o n .  Normally the  i n h i b i t i o n  g en e ra ted  f o r  r e v e r s e  
motion i s  s u f f i c i e n t  to  com ple te ly  s i l e n c e  H1. In  t h e  p re sence  of
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Figur  e 2
The temporal  decay of  the a f te r im a g e  averaged  over 32 eye 
p o s i t i o n s .  Both t r a c e s  a re  the  average  of 224 d e t e r m in a t io n s  in 5 
c e l l s .  Both curves  were smoothed by two t h r e e - p o i n t  runn ing  means,  
and p o in t s  were i n t e r p o l a t e d  by s t r a i g h t  l i n e s .  The ad ap t in g  g r a t i n g  
speeds  a r e  i n d i c a t e d  and a d a p t in g  s t i m u l i  were shown f o r  only  208ms 
out of every  13 seconds .  Th is  ensured  t h a t  the  r e s p o n s e  t o  the  moving 
l i n e  used to  probe a f t e r im a g e  s t r e n g t h  was l i t t l e  d i s tu r b e d  by the  
re sponse  ga in  c o n t ro l  o u t l i n e d  in  the  p rev ious  s e c t i o n .  The dashed 
v e r t i c a l  l i n e  dem ons t ra tes  t h e  r e l a t i v e  phase l e a d  of ( b ) .
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s t i m u l i  which produce a s t r o n g  a f t e r im a g e ,  H1 seems t o  t e m p o r a r i l y  
l o s e  i t s  d i r e c t i o n a l  s e l e c t i v i t y .  A pparen t ly ,  the  s i t e  s a t u r a t e d  by 
the  a f t e r im a g e  a l so  b locks  t h e  mechanism of d i r e c t i o n a l  s e l e c t i v i t y .
C l e a r l y  th e s e  e f f e c t s  a re  q u i t e  powerful  and need t o  be taken  
i n t o  account  when th e  eye has been viewing s t a t i o n a r y  o b j e c t s  f o r  even 
a s h o r t  t im e .  However, the  method used to  o b t a in  th e  r e s u l t s  of 
f i g u r e  1 i s  u n s a t i s f a c t o r y  f o r  f u r t h e r  i n v e s t i g a t i o n  f o r  two r e a s o n s .  
F i r s t l y ,  the  ga in  c o n t r o l  system mentioned i n  Chapter  1 co m p l ic a te s  
m a t t e r s  by modifying t h e  enve lope  of th e  r e sponse  p r o f i l e .  Secondly ,  
the dependence on the  number of c y c le s  of g r a t i n g  seen by the  eye i s  
f u r t h e r  complica ted  by the  asymmetric w e ig h t in g  t h a t  H1’ s r e c e p t i v e  
f i e l d  imposes on the  v i s u a l  s t i m u lu s .  The p rocedure  u s ing  a narrow 
moving l i n e ,  o u t l i n e d  i n  Methods,  s o lv e s  t h e s e  problems by s p a t i a l l y  
ave rag ing  and i n f r e q u e n t  s t i m u l a t i o n  of any one eye r e g i o n .  The 
r e s u l t a n t  h i s tog ram s  i n d i c a t e  t h e  s p a ce -av e rag ed  temporal  decay of the  
a f te r im a ge  p ro c e s s .
This  ave rag ing  p rocedure  was m od i f ied  t o  de termine  the  r e l a t i v e  
s t r e n g t h  of the  a f t e r im a g e s  f o r  s lowly  moving a d a p t in g  g r a t i n g s .  
Af te r im ages  were found t o  remain  u n t i l  about 40 ° / s ,  or  temporal  
f r e q u e n c i e s  of 4Hz. F igu re  2 shows some r e p r e s e n t a t i v e  decay d a t a  f o r  
two ad ap t in g  c o n d i t i o n s .  Notice t h a t  the  ampli tude of  the  r e s p o n s e  
modula t ion  i s  g r e a t e r  when the  a d a p t in g  g r a t i n g  i s  no t  moved 
( f i g u r e  2 a ) ,  and t h a t  the  phase of  the modu la t ion  produced by th e  more 
q u ic k ly  moving g r a t i n g  ( f i g u r e  2b) l e a d s  t h a t  of f i g u r e  2a. The speed 
of the g r a t i n g  used i n  f i g u r e  2b was such t h a t  the  g r a t i n g  moved by 
h a l f  a wavelength  over  th e  a d a p t a t i o n  p e r io d .  However, th e  a f te r im a g e  
has s h i f t e d  by very  c l o s e  t o  a q u a r t e r  w aveleng th .  I f  the  a d a p t a t i o n
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The a f te r im a g e  s t r e n g t h ,  ex p re s sed  as the am pli tude  of the
re s p o n s e  modula t ion  in  s p ik e s  per  second.  Square symbols a re  d a ta
o b ta in e d  us ing  a c o n t r a s t  0 .4  s q u a re  wave i n t e n s i t y  g r a t i n g  of 9 . 7 3 ° .
a l l  o the r  d a ta  was ga the red  us ing  a s i n u s o i d a l  g r a t i n g  of  the same
c o n t r a s t  and waveleng th .  Th is  s p a t i a l  w avelength  i s  about  op t im a l  fo r
H1 (Dvorak e t  a l . 1980).  S o l id  c i r c l e s  a re  each the  r e s u l t  of a t o t a l
of 224 d e t e r m in a t io n s  in  4 c e l l s .  Open c i r c l e s  a re  d e r iv e d  from 160
d e te rm in a t io n s  in  2 o th e r  c e l l s ,  and s q u a re s  from 96 d e t e r m i n a t i o n s  i n
2 f i n a l  c e l l s .  Samples were ta k e n  in b locks  of 32 a v e r a g e s ,  and
samples f o r  d i f f e r e n t  c o n d i t i o n s  were i n t e r l e a v e d  in  a randomized
sequence .  T r i a n g l e s  a re  s c a l e d  am pl i tudes  d e r iv e d  from f i t s  t o  the
modula t ion  am pl i tudes  i n  th e  t r a c e s  used to  o b t a i n  th e  s o l i d  c i r c l e
da ta .  The f i t t e d  f u n c t i o n  was A e x p ( t /T ) .  Data p o i n t s  o t h e r  than
t r i a n g l e s  were determined by the  summing method d e s c r ib e d  i n  th e  t e x t .
G ra t ing  c o n t r a s t  was d e f ine d  as ( I  - I  . ) / ( I  +1 . ):  1= r a d i a n c e .max min max min
angular velocity (deg/s)
0 1.25 2.5 5 10 20 40 80
0 .125 .25
temporal frequency (hz)
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p rocess  can be d e s c r ib e d  by a l i n e a r  i n t e g r a t o r  then  t h i s  phase s h i f t  
s u g g e s t s  t h a t  t h e  i n t e g r a t i o n  time i s  c l o s e  t o  t h e  t ime the  a d a p t in g  
g r a t i n g  was p r e s e n t e d ,  s i n c e  the  a f t e r im a g e  l i e s  between the  i n i t i a l  
and f i n a l  p o s i t i o n s  of the  g r a t i n g .  The phase s h i f t s  i n t ro d u c e d  by 
o th e r  adap t ing  speeds a re  commensurate w i th  t h i s  i d e a .
The am pli tudes  of t h e  r e s p o n s e  modu la t ion  were de termined  i n  two 
ways and the  r e s u l t s  a re  summarised i n  f i g u r e  3. The f i r s t  method i s  
d e s c r ib e d  p rev io u s ly  (Chapter  4) and i n v o l v e s  measur ing th e  am pl i tudes  
of the r e sponse  modula t ions  i n  a decay t r a c e  and f i t t i n g  t h e s e  t o  an 
e x p o n e n t i a l  f u n c t i o n .  Responses a re  th e n  taken  as a h y p o t h e t i c a l  
am pl i tude a t  a f i x e d  t ime a f t e r  the  removal of the a d a p t in g  g r a t i n g  
( f i g u r e  3, t r i a n g l e s ) .  F i t s  o b t a in e d  i n  t h i s  way accoun ted  f o r  95% or 
more of  the re sponse  v a r i a n c e ,  and a l lowed  d e t e r m in a t io n  of  the  t ime 
c o n s ta n t  of decay.  Th is  method could  not  be performed on a l l  th e  da ta  
c o l l e c t e d  here  s in c e  t h e r e  were few response  modula t ions  a t  high 
speeds .  I n s t e a d ,  the  average  h e ig h t  of t h e  second,  t h i r d ,  and f o u r t h  
cyc les  was used as an index of a f t e r im a g e  s t r e n g t h  ( c lo s e d  and open 
c i r c l e s ) .  R e s u l t s  o b ta in e d  us ing both  methods a r e  shown i n  f i g u r e  3, 
and r e s u l t s  from both methods a re  i n  good agreement.  Experiments  were 
a l so  performed a t  some v e l o c i t i e s  ( f i g u r e  3, s q u a re s )  u s ing  square  
g r a t i n g s .  R e s u l t s  f o r  t h e s e  could no t  be d i s t i n g u i s h e d  from those  
o b ta ined  us ing  s i n e  wave p a t t e r n s .
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D iscuss ion
One f a c t o r  l i m i t s  i n t e r p r e t a t i o n  of  the e f f e c t  of the  a f t e r im a g e  
on t h e  f l y ’s pe rce p t  of t h e  world.  Th is  concerns  t h e  i n t e g r a t i o n  time 
of the neurons p o s t s y n a p t i c  t o  H1. F a s t e r  neurons w i l l  r e l i a b l y  
conduct  th e  o s c i l l a t i o n s  induced by the  a f t e r im a g e ,  w h i le  s lower ones 
w i l l  n o t .  As in  f i g u r e  Aa ( t h i n  l i n e )  a f t e r im a g e  modulated r e s p o n s e s  
may overshoo t  t h e  normal l e v e l  of e x c i t a t i o n .  A f a s t  c e l l ,  or a 
d i f f e r e n t i a t i n g  one,  downstream from H1 would sense  t h i s  o v e r s h o o t ,  
while a s lower c e l l  which i n t e g r a t e d  over  s e v e r a l  hundred  ms would 
r e c e iv e  much l e s s  e x c i t a t i o n  than  in  the  absence of  an a f t e r i m a g e .  
Obviously the  s p a t i a l  f requency  t u n i n g  of  H1 may be a f f e c t e d  by the  
a f t e r im a g e ,  but  t h i s  remains  undetermined .  One i n t e r e s t i n g  f e a t u r e  of 
f i g u r e  6 i s  t h a t  the  low f requency  r o l e  o f f  of the unadapted temporal  
f requency  re s p o n s e  of H1 (Maddess and Laughl in  1985),  o v e r l a p s  with  
the high f requency  t a i l  of the a f t e r im a g e  p e r s i s t a n c e .  I t  i s  not  
known i f  t h e s e  r e sponse  p r o p e r t i e s  a r e  r e l a t e d .  However, s t i m u l i  
which produce a f t e r im a g e s  appear t o  slow H1’ s temporal  r e s o l u t i o n  of 
small  d i sp la cem e n ts  of a g r a t i n g  (Chapter  A).
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